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1.0 INTRODUCTION 



1.0 INTRODUCTION 


This document constitutes the final report for the Wide Field Planetary Camera 
Optics Study, sponsored by California Institute of Technology Jet Propulsion 
Laboratory and conducted by Eastman Kodak Company. 

1.1 BACKGROUND 

The Wide Field/Planetary Camera (WF/PC) will be used with the Space Telescope 
(ST) to obtain high angular resolution astronomical information over a wide 
field. The Jet Propulsion Laboratory design concept employs internal optics 
to relay the ST image to a CCD detector system. 

1.2 PROGRAM 


The purpose of the Wide Field/Planetary Camera Optics Study was to: 

1. Establish design feasibility of the baseline optical 
design concept. 

2. Optimize the baseline optical design, if necessary. 

3. Calculate design performance data for the optimized 
design. 

4. Perform optical sensitivity and tolerance analysis. 

5. Establish feasibility of a pyramid mirror as a focus 
mechanism. 

6. Establish manufacturability of the unmounted optical 
components . 

7. Establish detailed techniques for acceptance testing 
of the tv/o mirror Cassegrain relays. 

8. Provide detailed optical component drawings. 

1.3 PROGRAM SCHEDULES 


The start of contract was 11 August 1978. Two technical briefings were held 

at the Jet Propulsion Laboratory. The first briefing was on 12 October 1978 

« 
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and covered the analyses and optimization of the baseline design concept. The 
second briefing was on 9 January 1979 and covered optical design performance 
predictions, sensitivity and tolerance analyses, manufacturability of the 
optical components, and acceptance testing of the two mirror Cassegrain relays. 

1.4 ACKNOWLEDGEMENTS 

The following people contributed to this study: 

Study Manager - Peter A. Jones 

Optical Design - Richard A. Stark 

Optical Fabrication - John E. Schlauch 

Optical Testing - John J. Hannon 

Alexander Zanolli 

System Engineering - Peter A. Jones 

Stanley E. Ekiert 

1.5 STUDY RESULTS 

The primary and secondary mirror surfaces in the wide field camera have been 
changed in the optical design from conic aspheres to general aspheres. This 
design change increases the off-axis performance with a minor reduction in 
on-axis performance. The planetary camera is optimized with no changes in the 
design necessary. 

The unmounted optical components are within the state-of-the-art; however, a 
development program will be needed to manufacture the aspherical surfaces. 

Stringent performance requirements of the combined Optical Telescope Assembly 
(OTA)-Wide Field/Planetary Camera (WF/PC) demand quantitative interferometric 
testing throughout the buildup of the WF/PC. 
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2.0 OTA OPTICAL CONFIGURATION 



2.0 OTA OPTICAL CONFIGURATION 


The OTA optical configuration is a catoptric Ritchey-Chretien version of the 
Cassegrain telescope (figure 2.0-1). The configuration consists of hyperbolic 
primary and secondary mirrors. The conic shapes have been chosen to 
simultaneously correct spherical aberration and coma. The aberrations of 
astigmatism, field curvature, and distortion are present off-axis in predictable 
amounts. Field curvature and astigmatism appear as two well-defined curved 
focal surfaces (two concave prolate spheroids), shown in figure 2.0-2. At a 
semi-field angle of 15.6 arcminutes (edge of tracking field of fine guidance 
sensor), the primary astigmatism is 0.73 X rms (x = 0.6328 Angstroms) with a 
residual coma of 0.2 x rms. At a semi-field angle of 7.8 arcminutes (inside 
data field of axial scientific instrument) the primary astigmatism is 0.18 X rms 
with a residual coma on the order of 0.002 X rms. 

An optical control subsystem is provided on the OTA. Its purpose is to • 

(1) sense the condition of primary mirror position, (2) sense the condition of 
secondary mirror optical axis to primary mirror optical axis alignment, 

(3) sense the condition of focus, (4) define the relative positions of the OTA 
focal surfaces mounted oa the focal plane structure, (5) provide the means for 
primary mirror position adjustment and, (6) provide means by which alignment 
and focus can be adjusted. 

Under orbital operational conditions for up to ten hours of observation, the 
optical control subsystem will be used to maintain the on-axis static wavefront 
error to be less than 0.075 x rms. However, it is anticipated that the on-axis 
static wavefront error should be less than 0.05 x rms. Coupled with a worst 
case image stability requirement of 0.007 arcseconds (overall Space Telescope), 
70- percent of the encircled energy in the star image will occur in a radius of 
0.1 arcseconds. 
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SYSTEM FOCAL RATIO - //24 

SYSTEM FOCAL LENGTH - 2267.7 


OTA OPTICAL CONFIGURATION 


Figure 2.0-1 



Xj* (I«33X»0 "*)yV (I.0»XKT*)Y* 
4n.5ieXlO"*°)Y**l- (h977XK>-**)Y* 


Xt» (2.212 XtOT*) Y*-** (l644XKj^)Y^ 
♦<2 443Xltf’0)Y*4 (4 539XICr**)Y* 


FOCAL PLANE TOPOGRAPHY 

Figure 2.0-2 
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In figure 2.0-3 is shown the designed, static, on-axis geometric mean MTF 
for the OTA. The geometric mean is an average of the sagittal and tangential 
MTF's which are independently calculated. In an operational (dynamic) 
condition, 'the designed MTF will be reduced by manufacturing, alignment, and 
focus errors as well as pointing stability error. As noted, the OTA is 
designed to have an on-axis, static wavefront error of no more than 0.05 x rms 
(x = 6328 Angstroms) with an autocorrelation length of 0.125. The predicted 
"manufactured" on-axis, static MTF is shown in figure 2.0-3. The overall 
system is designed to have a pointing stability error of no greater than 0.007 
arcseconds. Also shown in figure 2.0-3 is the predicted on-axis, operational 
MTF performance. 



OTA PERFORMANCE PREDICTION 
F-igure 2.0-3 
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The Space Telescope is expected .to make exposures on the day side of the"-- 
orbit when stray light from the sun or the earth could limit the sensitivity 
of its instruments. Therefore, an extensive system of light shields and 
baffles to protect the focal surface from stray light has been specified for 
the OTA. 

One of the principal advantages of a space telescope is that ultraviolet 
measurements can be made without detriment due to absorption or turbulent 
effects from an intervening atmosphere. (Of special astronomical interest 
is the Lyman Alpha line at 1215 8.) To meet the overall wavelength requirements, 
a coating of aluminum with a protective overcoating of magnesium fluoride 
has been specified for the mirror surfaces. 

2.1 PARAXIAL EVALUATION OF OTA OPTICS 

The locations of optical images are calculated by paraxial ray trace 
equations. These equations are: 

y, = y,-! * ("“ji-i (t/")!-! 

(nu)^. = + y . (n^._^ -n^Jr^. 

Where: 

y. = ray height on i-th surface 
u.. = ray slope following i-th surface 

n. = refractive index following i-th surface 

t.| = thickness between i-th surface and next surface 

r.j = vertex radius of curvature of i-th surface 

Thickness and index are positive {+) in the region where the ray travels 
from left to right and the vertex radius of curvature is positive (+) if 
its center-of-curvature lies to the right of the vertex. 
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2.1.1 OTA Focal Surface Location, Focal Length and f-number 


For the OTA, the following surface subscripts will be used: 

0 - object surface 

1 - entrance pupil/primary mirror 

2 - secondary mirror 

3 - exit pupil 

4 - image surface 

The OTA lens prescription is: 

r^ = -1104.0 cm = 

= “135.8 cm (t^ + 

Let an axial reference ray, parallel 
upon the primary mirror. The height 
right, is 100 units (y^ = = 100). 

the ray slope is: 

(nu)^ = 0 + (100)(1 + 

At the secondary mirror, the ray height is: 

y^ = 100 + (-0.18115942) (-490. 6071/-1) * 11.121902 units 

And after reflection from the secondary mirror, the ray slope is: 

(nu)2 = (-0.18115942) + (11.121902)(-1 -1)(-135.8) = -0.017361156 

At this point in the analysis, the location of the exit pupil is unknown; how- 
ever, because it is a dummy surface causing no reflection or refraction of the 
ray, it can be neglected and the ray can be traced directly to the image 
surface. At the image surface, the ray height is: 

y^ = (11.121902) + (-0.017361156)(640. 61992/1.0) = 0.000000 units 
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-490.6071 cm n^^ = -1.0 

t^) = 640.61992 cm ng = n^ = +1.0 

to the optical axis (Uq = 0) be incident 
of this incoming ray, traveling left to 
After reflection from the primary mirror, 

l)/(-1104.0) = -0.18115942 
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A ray height of zero at the OTA image surface shows that incoming on-axis rays 
are brought to a focus at the prescribed image surface. The focal length (f) 
of the OTA can also be easily checked by the formula: 

f = -Yj /u^ 

Where: 

Surface 1 is the entrance pupil 
Surface R is the exit pupil 

Then, the calculated OTA focal length is: 

f = -100/(-0. 017361156) = 5760 cm 

The OTA system /-number is the ratio of system focal length divided by entrance 
pupil diameter. This diameter, 240 cm, is also the clear aperture diameter of 
the primary mirror. Thus 5760/240 = 24 and the system /-number is //24. 

2.1.2 OTA Exit Pupil 

The exit pupil of the OTA is the image of its entrance pupil. The location of 
the exit pupil is found by tracing a chief ray through the optical system. Chief 
rays, by definition, pass through the centers of both the entrance and exit 
pupils. Thus, the height of a chief ray in the entrance pupil is zero (y^^O). 

Let the slope for an incoming reference chief ray be unity (u q = 1.0). 

Then, the slope for the chief ray after reflection from the primary mirror is: 

' (nu)j = 1.0 + (0) (1 + l)/(-1104.0) = 1.0 
The ray height of the chief ray at the secondary mirror is: 
yg = 0 + (1.0)(-490.6071/-1) = 490.6071 units 
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After reflection from the secondary mirror, the slope of the chief ray is: 
iriu)^ * 1.0 + (490.6071)(-1 -l)/(-135.8) = 8.225436 

The height of the chief ray on the next surface is then calculated. This next 
surface is the exit pupil and the chief ray height is, by definition, zero at 
that surface (yj = 0). Thus, equation (1) is written: 

0 = 490.6071 + (8.225436) (tg/l) 

Solving for the unknown distance 

t^ = -(490. 6071)/{8. 225436) = -59.645118 cm 

The exit pupil, therefore, is located 59.645118 cm from the secondary mirror 
vertex. The minus sign means that this exit pupil is a virtual image of the 
entrance pupil and is located to the left of the secondary mirror. 

Finally, the spacing t^ between the exit pupil and the image surface is solved 
ta = (tg + t^) - t 2 = (640.61992) - (-59.64512) = 700.26504 cm 

Now that tg and t^ are known, the height (y^) of the axial ray on the exit 
pupil can be calculated. Using equation (1): 

yg = 11.121902 + (-0.017361156) (-59.645118/1) = 12.15741 units 

The actual diameter (Dep.') of the OTA exit pupil in centimeters is found by 
scaling y^ by the ratio of actual entrance pupil diameter (240 cm) divided 
by axial ray height (100 units) used at the entrance pupil: 

Dep' = (12.15741) (240/100) = 29.17778 cm 
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In summary, the above paraxial evaluation of the OTA verified the location of 
the OTA focal surface and the values of OTA focal length and /-number with 
respect to the OTA lens prescription which was provided. Also, the above eval- 
uation determined the location and di ameter of the OTA exit pupil. 

2.1.3 OTA Conic Constants 

The OTA is a two-mirror Ritchey-Chretien (RC) optical system. An RC system is 
corrected for third-order spherical aberration and coma by adjustment of the 
conic constants for the two mirrors. The following sets of equations are used 
to calculate these conic constants (K). Subscript 1 refers to the first mirror 
(primary) and subscript 2 refers to the second mirror (secondary). 

= (nu)Q + y^/r^ 

Bg = (nu)2 + 

\ = (nu’)o + yi^^i 

= (nu)j - (hu)q 

02 * (nu)2 - (nu)j 

Cl = +2 

C2 = -2 (y2/r2)^ 

E - Bj yj + V2 + Rj 

F = Ai Bj Bj' yj t Aj B^ y^ + R^ 

Kj = (F y2 - E yg) /Cl (yi-y2 *• ^2^ 

1^2 ~ /^2 ^^2 ** ^2. ^ 1 ^ 
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The application of these equations will be illustrated by calculating the 
conic constants for the OTA. The paraxial ray trace data generated in the 
preceding sections will be used. For those data, the subscripts coincide 
with those used in the above equation set. 


= 0 + 100/(-1104) = -0.0905797101 
= (-0.017361156 + 11.121902/ (-135.8) = -0.0992602871 

= 1 + 0/(-1104) = 1 

A^ = (8.225436) + 490.607l/(-135.8) = 4.612718032 

= (-0.18115942) - 0 = -0.18115942 

B^' = (-0.017361156) - (-0.18115942) == 0.163798264 
= 2 1^100/ (-1104)j^ = -0.0014863558 
= -2 I'll. 121902/(-135. 8)1 ^ = 0.0010986715 


The quantities R_ and R are residual spherical aberration and residual coma, 
respectively. For the OTA, these two aberrations are corrected exactly. 
Hence, R = 0 and R =0. Then: 

O w 

E =-0.1306866124 
F = 0.8068316434 
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And: 


= -1.0022985 
K 2 = -1.4968601 

These conic constants agree exactly with those specified in the OTA lens 
prescription. 
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3.0 -WF/PC OPTICAL CONFIGURATION 



3.0 WF/PC OPTICAL CONFIGURATION 


In order to meet the scientific objectives of the Space Telescope, the 
scientific instruments must introduce the least possible degradation to the 
image provided by the OTA. Ideally, all of the scientific instruments would 
be designed with their detector surfaces at the OTA focal surface (figure 3.0-1) 
however, there are two basic reasons for optics in the scientific instruments. 
The first is to correct the astigmatism in the OTA data field (figure 3.0-2). 

The Space Telescope optical system (OTA + scientific instrument) can then be 
considered field curvature limited (one well-defined image surface). In this 
case, the field curvature could be "accommodated" by a similarly curved 
detector surface. The second reason is to change the OTA system focal ratio 
(//24). This will change the angular resolution and the field of view. 

The scientific objectives of the WF/PC involve obtaining high angular resolution 
over the widest field of view possible (: 3 arcminutes). UV requirements 
prohibit system refractive elements. Reflective surfaces must be held to a 
minimum to meet the photometric requirements. The optical design concept is 
based on optimizing the image spot size to the CCD pixel size by changing the 
OTA focal ratio (//24 — > f/12.9). To meet the field of view requirement 
(3 arcminutes x 3 arcminutes) with state-of-the-art CCD technology (800x800 
array), the total field (1600x1600 array) is split into four fields via a 
four faceted reflective pyramid. The OTA focal ratio is changed and re-imaged 
at a second focal surface via a finite conjugate Cassegrain relay. One of the 
four optical paths is shown in Figure 3.0-3. To meet the angular resolution 
and field of view requirements of the planetary camera, a separate optical 
system (//30) is used. 

In the baseline design, the Cassegrain relays have been corrected for third 
order spherical aberration and coma. Astigmatism and field curvature are not 
controlled in the design. In the optimized design (see Section 6.1) for the 
wide field camera, these aberrations are balanced by changing the asphericity 
of the Cassegrain relay primary and secondary mirrors. It should be noted, 
however, that the WF/PC focal surface for the wide field camera is not flat 
(see section 7.2). 
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OTA FOCAL SURFACE CONTOUR 

F-igure 3,0-1 



RMS WAVEFRONT ERROR VS SEMI-FIELD ANGLE 
(OTA FOCAL SURFACE) 

Fi-gure 3. 0-2 
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The Planetary Camera also has residual astigmatism and field curvature. How- 
ever, the effect of these aberrations on image quality is negligible because 
this system operates at a higher /-number and has a smaller angular field. 



WF/PC OPTICAL CONFIGURATION 
Figure 3.0-3 


3.1 PARAXIAL EVALUATION OF WF/PC OPTICS 


The following surface subscripts will be used for the WF/PC optics and OTA 
exit pupil : 


3 - OTA exit pupil 

4 - OTA image surface/field mirror (pyramid face) 

5 - primary mirror 

6 - secondary mirror 

7 - primary mirror hole 
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8 - window (first surface) 

9 - window (second surface) 

10 - image surface (detector) 

3.1.1 //12.88 Focal Surface Location, Focal Length, and /-number 
The lens prescription for this relay system is: 


r^ = 306.84 cm 
rg = -40.5662 cm 
rg = -28.5460 cm 
T-j = infinity 
rg = infinity 
rg = infinity 


t^ = 113.0610 cm 
tg = -16.2590 cm 
tg - 16.2590 cm 
tj = 4.2227 cm 
tg = 0.2500 cm 
tg = 0.1011 cm 


n^ — 1.0 

ng = -1.0 
ng = 1.0 
ny = 1.0 

ng = 1.387 

ng = 1.0 


In the preceding section, an on-axis ray was made incident upon the OTA primary 
mirror at a height of 100 units. This same ray came to a focus (y^ = 0) at the 
OTA focal surface and was incident upon that surface at a slope of (nu)g = (nu)g 
= -0.017361156. We will now continue this paraxial ray trace through the 
wide-field relay system where the relay is assumed to be in-line with the OTA. 

After reflection from the field mirror, which is coincident with the OTA image 
surface, the reflected ray slope from equation (2) is: 

(nu)^ = (-0.017361156) + (0)(-l -D/306.84 = -0.017361156 




16 




EASTMAN KODAK COMPANY • 901 ELMGROVE ROAD • ROCHESTER. NEW YORK 14650 



At the primary mirror of the relay lens, the ray height is: 

yg = 0 + (-0.017361156) (113.0610/1.0) = 1.962870 units 

After reflection from the primary mirror, the ray slope is: 

(nug) = -0.017361156 + (-1.962870)(1 + l)/(-40.5662) 

= + 0.079412496 

The ray height at the secondary mirror is: 

yg = -1.962870+ (0.079412496)(-16.2590)/(-1.0) 

= -0.671702 units 

The ray slope, after reflection from the secondary mirror, is: 

(nu)g = (0.079412496) + (-0.671702()-1 -l)/(-28.5460) 

= + 0.032351479 

At the primary mirror hole, the ray height is: 

yy = 0.671702 + (0.032351479) (16.2590/1.0) 

= -0.145699 units 

There is no refraction or reflection at the primary mirror hole, so the ray 
slope is unchanged: 

(nu)^ = (nu)g = +0.032351479 

The ray height at the first surface of the windov; is: 

yg = -0.145699 + (0.032351479)(4. 2227/1.0) 

= -0.009089 units 
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Refraction at this surface changes the ray slope to the following value: 

(nu)g = 0.032351479 + (-0.009089){1.0 - 1.387)/ ~ 

= + 0.032351479 

The "optical slopes" ( 00)7 and (nu)g are equal. However, the geometric slopes 
U 7 and Ug differ: 

U 7 = (nu) 7 /n 7 = 0.032351479/1.0 = 0.032351479 
Ug = (nu)g/ng = 0.032351497/17387 = 0.23324787 

At the second surface of the window, the ray height is: 

yg = 0.009089 + (0.032351479)(0. 2500/1. 387) 

- -0.003257 units 

The ray slope following this refractive surface is: 

(nu)g = 0.032351479 + (-0.003257) (1.387 - 1 . 0 )/ “ 

= 0.032351479 

Finally, at the image (detector) surface, the ray height is: 

y^Q = -0.003257 + (0.032351479) (0. 1011/1.0) 

= 0.000013 units 

This value of ray height is significant, which means that the location of the 
detector in the lens prescription is not exactly at the paraxial focus. The 
exact spacing (tg‘) between the window and the paraxial image surface is: 

tg' -yg/(nu)g = -(-0.003257)/0. 032351479 = 0.1007 cm 

The focal length, calculated from equation (3), for the OTA and relay lens 
system is: 


f = -100/(0.032351479) = (-) 3091.0 cm 
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In this instance, the minus sign for the focal length means that the relay 
lens inverted the image which was formed by the OTA. The focal length value 
itself is positive. 

The f-number for the OTA and relay lens system is the ratio of system focal 
length divided by the 240 cm entrance pupil diameter. Thus, 3091/240 = 12.88 
and the system /-number is 12.88. 

3.1.2 //12.88 Exit Pupil 

The chief ray was traced through the OTA in section 2.0 of this report. This 
ray entered the system entrance pupil {OTA primary mirror aperture) at a unit 
slope (nUj^.= 1.0) and emerged from'the OTA exit pupil at a slope of 8.225436. 
The paraxial trace of this chief ray through the wide-field relay system is 
performed in exactly the same manner as that for the axial ray. Thus, ray 
height and slope data will be listed below without additional comments. 


ya = 0 

(nu)a = 8.22543 

y^ = 5759.99 

(nu)^ = -29.3185 

yg = 2445.21 

(nu)g = -149.873 

7g = 8.4327 

(niJ)g = -149.282 

y-j = -2418.74 

(nu')^ = -149.282 

yg = -3049.11 

(nlT)g = -149.282 

7g = -3076.02 

(nu)9 = -149.282 

y^Q = -3091.05 

(nu)^O -149.282 
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The location of the exit pupil for the OTA and relay lens system is 
y^^g/ {nLf)^Q or 20.7062 cm ahead of the image (detector) surface. The diameter 
of this exit pupil is the product of the entrance pupil diameter of 240 cm times 
exit pupil magnification, -(nITj)/(n'u) jq> of 1/149.282. This computation 
yields an exit pupil diameter of 1.6077 cm. 

The distance between the secondary mirror and the image surface is (tg "ty + tg 
+ tg') or 20.8324 cm, and the distance between the exit pupil and the image 
surface, as just noted above, is 20.7062 cm. Thus, the system exit pupil is 
located at the relay secondary mirror. 

3.1.3 f/12,88 Clear Aperture Sizes 

Clear aperture heights are listed in table 3. 1.3-1. For each surface, the 
axial ray height (y) and chief ray height (y) are given. For this analysis, 
only the absolute values of these quantities are significant. The axial ray 
heights are scaled by the ratio of OTA primary mirror radius (120 cm) divided 
by input ray height (100 units) at the primary mirror. Thus, the axial ray 
height- (Y), given in units of centimeters, is given by the expression: 

Y = (120/100)y. In a similar manner, the chief ray heights are scaled by the 
ratio of the tangent of the required semi-field angle (57.6 arcseconds)* 
divided by the input chief ray slope (1.0). Thus, the chief ray height (T), 
given in units of centimeters, is given by the expression: Y = (. 000279091/ l)y. 
These values of Y and Y are also listed in fable 3. 1.3-1. The clear aperture 
radius for each optical surface must accommodate both the axial beam height 
and the offset of this beam in the aperture due to field angle if vignetting 
is to be avoided. The radius of the axial beam is Y and the offset corresponding 
to a field angle of 57.6 arcseconds is Y. Thus, the clear aperture height 
(Yg^) is the sum of Y and Y. 



tan 


Deteator Semi-diagonaZ 
System Focal Length 


tan 


h(l, 22/Sin 45^) 
3091.0 


= 57.567 
arcseconds 
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Table S, 1.3-1 


CLEAR APERTURE HEIGHTS FOR THE //12.88 RELAY LENS 


NO. 

SURFACE 

IyI 

171 

Y 

Y 

^CA 

3 

OTA EXIT PUPIL 

12.16 

0 

14.59 

0 

14.59 

4 

RELAY FIELD MIRROR (PYRAMID) 

0 

5760 

0 

1.61 

1.61 

5 

RELAY PRIMARY MIRROR 

1.963 

2445 

2.36 

0.68' 

3.04 

6 ^ 

RELAY SECONDARY MIRROR 

.6717 

8.433 

0.81 

0.00 

0.81 

7 

RELAY PRIMARY MIRROR HOLE 

.1457 

2419 

0.17 

0.68 

0.85 

8 

DETECTOR WINDOW (FRONT) 

.0091 

3049 

0.01 

0.85 

0.86 

9 

DETECTOR WINDOW (BACK) 

.0033 ^ 

3076 

0.00 

0.86 

0.86 

10 

DETECTOR FOCAL SURFACE 

0 

3091 

0 

0,86 

0.86 


\y\ ~ reference axial ray height (absolute value in "units 
ly| = reference chief ray height (absolute value in "units") 

Y =5 marginal axial ray height (centimeters) 

Y = chief ray height coreespondiTig to "full field" (centimeters) 

Yqa ” clear aperture height (centimeters) 

The OTA secondary mirror has a clear aperture radius of 15 cm. The maximum field 
angle (Q) this aperture can accommodate without vignetting is: 

(120/100) y + (tanQ/l)y = 15.0 


Where, for this mirror, y = 11.12 and y = 490.6. Solving for tan Q: 


tan Q = 


15.0 -{120/100){11,12) 


/490.6 = 0.003375 


or Q = 11.6 arcminutes. Thus, as expected, the OTA provides a completely 
unvignetted field of view for the WF/PC. 
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The clear aperture radii called out in the Baseline Optical Prescription 
equal or exceed their corresponding values of Yq^ in table 3. 1.3-1. 

Thus, the optical prescription provides an unvignetted optical system. 

Table 3. 1.3-1 shows that the chief ray height T on the relay secondary mirror 
is 0;0. This means that the illuminated area on the mirror remains stationary 
for aTl field angles, thereby minimizing the clear aperture radius. Since 
this mirror acts as an obstruction in the optical system, it is appropriate 
that its size be minimized. The 306,84 cm radius of curvature of each pyramid 
face causes the chief ray height Y to be zero at the secondary mirror. Thus, 
in effect, the curvature of the pyramid faces has been chosen to minimize the 
size of the relay secondary mirrors. 

3.1.4 f/12.88 Field Coverage 

The pyramid also acts as a field stop because it is located close to the OTA 
image surface. Thus, the size of the relayed image field depends upon the 
dimensions of the pyramid faces. The plane view of the pyramid is shown on 
the left side of figure 3. 1.4-1. The diagonal of each quadrant has a length 
of 3.18 cm. The side view of the pyramid, also shown in figure 3. 1.4-1, shows 
that the pyramid faces are inclined at an angle of 9.1056°. The pyramid is 
centered on the OTA optical axis and is positioned longitudinally such that the 
center-point of each quadrant is coincident with the OTA image surface. The 
distance between the OTA exit pupil and this image surface is 700.2650 cm. A 
chief ray is shown which emerges from the center of the exit pupil (as all 
chief rays do) and intercepts the top corner of the upper quadrant. The 
slope of this chief ray is: 

tan Q' = 3.18/(700.2650 +1.59 tan 9.1056°) = 0.004539486 

This slope corresponds to (nir)^ defined in the chief ray trace of the relay 
optics. That ray trace showed that if {nir)^ has a value of 8.22543, the 
corresponding chief ray height (y^g) at the image surface has a value of 
-3091.05. Thus, the chief ray height corresponding to tan Q' can be found 


22 


EASTMAN KODAK COMPANY • 901 ELMGROVE ROAD • ROCHESTER, NEW YORK 14650 



by scaling: 


'^10 ~ -^lO ^ = 1.7059 cm or 17.059 mm 

(nu)^ 

This distance, Y^q, is the diagonal of the image field at the CCD detector. 

The image field is square because the pyramid face is square, so the edge 
dimension (d) of the image field is: 

d = T^q Sin 45° = 12.06 mm 

The CCD detector, having a 12.2x12.2 mm active area, is then centered upon this 
12.06x12. 06. mm image field. 



REFLECTING PYRAMID 

(PHYSICAL DIMENSIONS AND ANGULAR DIMENSIONS IN OBJECT SPACE) 

Figvx>e Z, 1.4-1 
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In object space, a chief ray slope of 1.0 at the OTA entrance pupil (primary 
mirror) results in a slope (nu )2 of 8.22543 for this ray at the OTA exit pupil. 
Using these data, the input field angle (Q) corresponding to tan Q' can be 
found by scaling: 


and: 


tan Q = tan Q’ = 0.00055188 

(nu)3 


Q = 113.83 arcseconds 

Thus, in object space, the corners of the pyramid correspond to a radial 
semi-field angle of 113.83 arcseconds. Or, expressing it another way, the 
perimeter of the circular OTA image field which corresponds to 113.83 arc- 
seconds will circumscribe the pyramid. 

Since the pyramid is square, a square angular field in object space can be 
defined. The angular length l of this square field is: 

tan 1 = tan Q/Sin 45° = 0.00078048 


And: 


a = 161.0 arcseconds 

Thus, the full field of view of the OTA needs to be 161 arcseconds square to 
completely illuminate the pyramid. These angular dimensions are also shown in 
figure 3. 1.4-1. 

3.1.5 //12.88 Aperture Obscurations 

Obstruct ions within the clear apertures of the OTA and relay lens diffract 
light and, as a result, reduce image quality. The four principal obstructions 
in the OTA/relay system are: the OTA secondary mirror, the OTA primary mirror 

hole, the relay secondary mirror, and the relay primary mirror hole. The 
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overall obscuration caused by these obstructions is found by projecting all 
the obstructions onto the system entrance pupil (which is the OTA primary mirror). 

The OTA secondary mirror obstruction is to have a maximum radius of 0.34 times 
the primary mirror radius. Hence, this obstruction radius is (0.34)(120) or 
41 cm. Since this obstruction is in a region of parallel light, it projects 
directly onto the entrance pupil, so its obscuration radius is also 41 cm. 

The OTA primary mirror hole is smaller than the secondary mirror obstruction 
and its obscuration will always lie within the secondary mirror obscuration. 
Therefore, the primary mirror hole can be neglected in this analysis. 

The relay secondary mirror clear aperture radius is 0.81 cm (from table 
3. 1.3-1). For this analysis, it will be assumed that the physical radius 
of the mirror equals the clear aperture radius. To project this obstruction 
onto the entrance pupil, the height of the axial ray (traced previously) at the 
obstruction needs to be calculated. The distance t between the field mirror 

' A 

(pyramid) and the obstruction is: 

t^ = t 4 + tg = 113.0610 - 16.2590 = 96.8020 cm 
Ray height at the obstruction is found from ray trace equation (1) 

Yx = Y 4 + {nu )4 (t/n)^ 

yv = 0 + (-0.017361156)(96. 8020/1.0) = -1.680595 units 

X 

The ray which intercepts the lower edge of the obstruction has a height Y of 

• A 

-0.81 cm. The corresponding height of this ray in the entrance pupil is: 

Y = Y^ (yi/yx) = -0.82 (100/-1. 680595) = 48 cm 

Thus, the obscuration radius of the relay secondary mirror obstruction, when 
projected onto the entrance pupil, is 48 cm. 
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The relay primary mirror hole requires a clear aperture radius of 0.85 cm 
(from table 3. 1.3-1). The ray height at this obstruction is y^, which has a 
value of -1.962870 units. The ray which intercepts the lower edge of this 
obstruction has a height (Yg), of -0.85 cm. By scaling, the corresponding height 
of this ray in the entrance pupil is: 

Y = Yg (y^/yg) = “0.85 (100/ -1.962870) = 43 cm 

The obscuration radius of the relay primary mirror hole, therefore, is 43 cm 
when projected onto the entrance pupil . 

With respect to on-axis imaging of the relay optics, the OTA secondary mirror 
obscuration and the relay primary mirror hole obscuration are contained within 
the relay secondary mirror obscuration. Thus, the effective on-axis obscuration 
is a circular opaque area, centered in the system clear aperture, having a radius 
of 48 cm at the entrance pupil. 

The effect of the central obstruction is to increase the amount of diffraction 
in the lens. With respect to the image of a point source, such as a star, a 
central obstruction will narrow the core of the star image and intensify the 
diffraction rings. For an extended source, such as a planet, diffraction from 
a central obstruction will reduce the contrast of surface detail. 

Mathematically, star image intensity given as a function of distance from its 
maxima is called the point spread function. The Fourier transform of the point 
spread function is a complex expression termed the optical transfer function. 

The modulus of this complex function is called the modulation transfer function 
(MTF) and the argument is called the phase transfer function. The lens MTF 
is a function that describes the amount of object modulation transferred to 
the image in terms of spatial frequency. For example, if a sine-wave pattern 
having a modulation of 60 percent were imaged by a lens such that its image 
would have a spatial frequency of 33 cycles/mm and modulation of 30 percent, the 
MTF of that lens would be 30%/60% or 0.50 at 33 cycles/mm. 
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The effect of a central obstruction upon the lens modulation transfer function 
is to reduce the MTF over the low and mid- frequencies and slightly increase the 
MTF for high frequencies. This effect is shown in figure 3.1.5-i for the optical 
system which is comprised of the OTA and the //12.88 relay optics. The dashed 
curve is on-axis MTF which would occur if the effective obscuration were due to 
the OTA secondary mirror. The solid curve is on-axis MTF for the actual system 
where the relay secondary mirror causes a larger obscuration. This larger 
obscuration (48-cm radius as compared to 41-cm radius for the OTA secondary 
mirror) causes MTF to drop from a value of 0.50 at 33 cycles/mm to a value of 
0.45. 



HYPOTHETICAL ABERRATION-FREE ON-AXIS MTF 
FOR f/12.88 RELAY SYSTEM 

Figure 3. 2. 5-1 
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The obscuration in the lens entrance pupil shifts laterally for off-axis field 
angles. Consequently, the OTA secondary mirror obscuration will move outside 
the perimeter of the relay secondary mirror obs£uration and add to the overall 
obscuration. The amount of obscuration shift. To, is given by the expression: 

To + -100 (y^/y^Wo 


where: 


y = reference chief ray height at the obstruction 

A 

y^ = reference axial ray height at the obstruction 
LTo = tangent of the field angle 

The above expression is valid for the two reference paraxial rays used. That 
is, an axial ray having a height of 100 units at the entrance pupil and a chief 
ray having a slope of 1.0 units at the entrance pupil. 

To demonstrate this shifting of obscuration, data corresponding to the maximum 
OTA radial field angle has been calculated. This maximum field angle, as 
previously determined, - is 113.83 arcseconds and the tangent of this angle is 
U = 0.00055188. The reference chief ray height y at the OTA secondary mirror 
obstruction is found from paraxial ray trace equation (1) where t^ is the 

A 

distance between the obstruction and the OTA primary mirror. 

7l = 7x {nu)o (t/n)^ 

7x = 7i - (nu)^ (t/n)^ = 0 - (1.0)(490. 6071/1.0) = -490.6071 units 

Since this obstruction is located in the patji of parallel input axial rays, 
y^ ~ y\ ~ ^00. Then, solving for the shift To of the OTA secondary mirror 
obscuration: 

To = -100 (-490.6071/100) (0.00055188) = 0.2708 cm 
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The optical axis of the relay lens is tilted with respect to the OTA optical 
axis. With respect to this tilted a)(is, the maximum field angle is h[ll3.2Z 
arcseconds) or 56.92 arcseconds and ITo for the relay optics is 0.00027593. The 
reference chief ray height y at the relay lens secondary mirror obstruction is 
also found from paraxial ray trace equation (1) where t„ is the distance 
between the field mirror (pyramid) and the obstruction. This distance was 
previously calculated to be 96.8020 cm. Then: 

y X = y4 + (nTT^ (t/n)^ = 5759.99 + (-29.3185) (96.8020/1.0) 

y^ = 2921.90 units 
/> 

The reference axial ray height y at this obstruction has previously been 
calculated and is -1.680595 units. Then, solving for the shift To of the 
relay secondary mirror obscuration: 

To = -100 (2921. 90/-1.680595)(0. 00027593) = 47.9735 cm 

For the relay primary mirror hole obstruction, y^ = y 5 z. 2445.21 units and 
y^^ = yg = 1.962870 units. Then, solving for the shift To of the relay primary 
mirror hole obstruction: 

To = -100 (2445. 21/- 1.9628070) (0.00027593) = 34.3735 cm 

Figure 3. 1.5-2 shows these decentered obscurations in the system entrance pupil. 
The overall obscuration is larger than it was when viewed on-axis because much 
of the OTA secondary mirror baffle obscuration is now visible in the pupil. 

The shape of the overall obscuration has also lost the rotational symmetry it 
had when viewed on-axis. Diffraction from this asymmetric pupil causes asymmetry 
in both the image point spread function and the modulation transfer function. 
Consequently, the shape of the MTF curve will be azimuth-dependent. 

This effect is shown in figure 3. 1.5-3 where the diffraction limited off-axis 
MTF (solid lines) correspond to two different azimuths. The curve marked 
MTF(X) corresponds to image modulation for a sine wave object pattern that 
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runs parallel to the entrance pupil X-axis and MTF(Y) corresponds to a pattern 
running parallel to the pupil Y-axis. The dashed curve is what the MTF would 
be for any azimuth if the obscurations did not shift in the pupil. 


Y 



OTA + //12.88 RELAY SYSTEM ENTRANCE PUPIL 
INCLUDING OBSCURATIONS AT FULL-FIELD 
(113.8 ARC SECONDS WRT OTA AXIS) 

Figure 3.1, 5-2 
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--. 47,97 



The off-axis MTF curves given in figure 3. 1.5-3 are hypothetical in that they 
assume the optical system is completely free of wavefront aberrations. In 
the real system, however, aberrations such as astigmatism and field curvature 
will be present and will cause additional reduction in the MTF. 



HYPOTHETICAL ABERRATION- FREE FULL-FIELD MTF 
//12.88 RELAY SYSTEM 

Figw?e 3. 1,5-3 
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3.1.6 f/30 Focal Surface Location. Focal Length, and f-number 


The lens prescription for the f/30 relay system is: 


r^ = 306.84 cm t^ *= 113.0570 cm n^ = 
rg = -51.7800 cm tg = -24.6470 cm ng = 
rg = -23.4330 cm tg = 24.6470 cm ng = 
Tj = infinity = 12.6637 cm n^ = 
rg = infinity tg = 0.2500 cm ng = 
rg = infinity tg = 0.1011 cm ng = 


The ray heights and slopes for the reference axial ray are: 


y4 = 0 

yg = -1.962800214 
yg = -0.5221360499 
yy = -0.179844883 
yg = -0.0039746898 
yg = -0.001471492 
y^Q = -0.0000674413 


(nu)^ = -0.017361156 
(nu)g = +0.0584519075 
(nu)g = +0.0138877416 
(nu)^ = +0.0138877416 
(nu)g = +0.0138877416 
(nu)g = +0.0138877416 
(nu)^Q = +0.0138877416 


The calculated paraxial back focus is: 


tg' = yg/(nu)g = 0.0160 cm 
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The focal length for the OTA and relay system is: 


f = -100/(nu)g = {-) 7200.6 cm 

The /-number for the OTA and relay system is: 

/ 

/-number = 7200..6/240 = 30.00 
3.1.7 //30 Exit Pupil 

The ray heights and slopes for the reference chief ray are; 


^3 


^4 


^5 


^6 




ys 


= 0 


= 5759.99 


= 2445.33 


= -605.210 


= -4928.876 


= -7150.389 


yg = -7182,008 


(nu)3 = 8.225436 
(nu)^ = -29.3185 
(niT)5 = -123.769 
(nu)g = -175.424 
(nir)7 = -175.424 
(nu)g = -175.424 
(nu)g = -175.424 


y^Q = -7200.602 


(nu)jQ = -175.424 


The location of the exit pupil for the OTA and relay lens system is 
or 41.0468 cm ahead of the image (detector) surface. The diameter of the exit 
pupil is 240/175.424 or 1.3681 cm. 
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3.1.8 //30 Clear Aperture Sizes 


Clear aperture heights are listed in table 3. 1.8-1. These heights agree with 
those called out in the Baseline Optical Prescription. 

Tci)le 3. 1.8-1 

CLEAR APERTURE HEIGHTS FOR THE //30 RELAY LENS 


NO. 


SURFACE 

|y| 

|yl 


Y 

Y 

^CA 

3 


OTA EXIT PUPIL 

12.16 

0 


14.59 

0 

14.59 

4 


RELAY FIELD MIRROR (PYRAMID) 

I 0 

5760 


0 

0.69 

0.69 

5 


RELAY PRIMARY MIRROR 

1.963 

2445 


2.36 

0.29 

2.65 

6 


RELAY SECONDARY MIRROR 

.5221 

605.2 


0.63 

0.07 

0.70 

7 


RELAY PRIMARY MIRROR HOLE 

.1798 

4929 


0.22 

0.59 

0.81 

8 


DETECTOR WINDOW (FRONT) 

.0040 

7150 


0.00 

0.86 

0.86 

9 


DETECTOR WINDOW (BACK) 

.0015 

7182 


0.00 

0.86 

0.86 

10 


DETECTOR FOCAL SURFACE 

0 

7201 


0 

0.86 

0.86 


|y| 

= reference axial ray height 

(dbeolute value in 






|y| 

~ reference chief ray height 

(absolute value in 






Y = marginal axial rag height (oentimetera) 

Y = dhief vag height aorreeponding to "full field" (centimeter a) 

^CA " clear aperture height (oentimetera) 

3.1.9 f/30 Field Coverage 

The pyramid aats as a field stop. Since the pyramid is sized for the //12.88 
system, the relayed image field for the f/30 system exceeds the size of the 
CCD detector. In the WF/PC System optical schematic (JPL Drawing No. 
10084811), the chief ray which becomes the optical axis of the tilted f/30 
relay intercepts the pyramid at a height of 0.679. Using this value, the top 
corner of the detector would project onto the pyramid at a height of 2(0.679) 
or 1.358 cm. 
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The chief ray which emerges from the center of the exit pupil and 'intercepts 
this projected corner of the detector has a slope of 

tan Q' = 1.358/(700.2650 + 0.679 tan 9.1056°) ^ 0.001938965 

The height of this chief ray at the detector is 
_ _ tan O' 

^10 ~ •^10 (niT) ” 1.6974 cm or 16.974 mm 
3 

This distance, T^q, is the diagonal of the image field at the CCD detector. 
The image field is square, and the edge dimension (d) of the image field is: 

d = Sin 45° = 12.00 mm 

The input field angle Q (at the OTA entrance pupil) corresponding to Q' is: 
tan Q = tan Q' 

and: 


1.0 

(nu), 


= 0.00023573 


Q = 48.62 arcseconds 

The square. angular field in object space corresponding to this radial field 
angle is: 

tan a - tan Q/Sin 45° = 0.000333373 


and: 


A = 68.8 arcseconds 

Thus, the full field of view of the OTA needs to be 68.8 arcseconds square 
for the //30 relay system. 
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3.1.10 ,f/30 Aperture Obscurations 


The following calculations determine the obscuration radius (Y) of the relay 
secondary mirror obstruction when projected onto the entrance pupil: 

tx = t4 + tg = 113.0570 - 24.6770 = 88.4100 cm 

yx = y4 + (nu)4 (t/n)x = 0 + (-0.017361156)(88. 4100/1.0) 

= -1.534900 units 

Y = Yv (yi/yv) = “0.70(100/ -1.534900) = 46 cm 

X XX 

Similarly, the obscuration radius (Y) of the relay primary mirror hole, when 
projected onto the entrance pupil, is: 

Y = Y5(yj/yg) = -0.81(100/ -1.962800) = 41 cm 

The lateral shift Yo of the OTA secondary mirror obscuration at full field 
(Uo = tan 48.62 arcseconds) 

To -100(y^/y^)Uo = -100(-490. 6071/100) (0.00023573) 

X X 

= 0.1157 cm 

With respect to the tilted axis of the relay lenses, the maximum field angle 
is %(48.62 arcseconds) or 24.31 arcsecond^ and ITo is 0.00011786. The following 
calculations determine the lateral shift To of the relay secondary mirror 
obscuration: 

7x = 74 + (0^)4 (t/n)x = 5759.99 + (-29.3185) (88.4100/1.0) 

= 3167.94 units 
/ 

To = -100 (3 167. 94/- 1.534900) (0.000 11786) = 24.3256 cm 
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For the relay primary mirror hole obstruction, y^ = y^_^ 2445.33 units and 
y^^ = yg = -1.962800 units. The solving for the shift To of the relay primary 
mirror hole obstruction: 

To = -100(2445.33/-!. 962800) (0.00011786] = 14.68 cm 


3.1.11 WF/PC Preliminary Conic Constants 


Each of the WF/PC relay systems consist of four mirrors: a curved field mirror 
(pyramid face), a piano folding mirror, curved primary mirror, and curved 
secondary mirror. Also, each system includes a piano cover plate for the 
detector made of MgFg. 


The cover plate introduces a small amount of spherical aberration and coma 
which can be compensated by adjustment of the relay primary and secondary 
mirror conic constants. The spherical aberration contribution for this cover 
plate is: 


SA = 



(nu)^ T 


where: 


n = refractive index of the plate material 

T = thickness of the plate 

(nu) = optical slope of axial reference ray 

* 

The plate thickness T is 0.25 cm and, for this analysis, a refractive index 
n of 1.387 will be assumed. Using these values, the above equation becomes: 

SA = 0.0865514 (nu)^ 

For the //12.88 relay, the axial ray optical slope (nu) at the cover plate has 

been shown previously to be 0.032351479. Thus, for this relay, the spherical 

-8 

aberration contribution is 9.48x10 units. 
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Similarly, for the f/30 relay, the optical slope (nu) is 0.013887416 and the 

-9 

resulting spherical aberration contribution is 3.22x10 units. 


The coma contribution for the cover plate is: 


Coma = 



(nu)(nu)^ T 


Where : 


(niT} = optical slope of reference chief ray 
and using the given values of plate thickness and index, this equation becomes: 
Coma = 0.0865514 (nu^Cnu)^ 

For the //12.88 relay, the chief ray optical slope (nU) at the cover plate is 
-149.282. Thus, for this relay, the coma contribution is -4.37x10”^ units. 

Similarly, for the //30 relay, the optical slope (nU) is -175.424 and the 
resulting coma contribution is -4.07x10“® units. 

Spherical aberration and coma contributions from the field (pyramid) mirror 
are negligible because the OTA is focused on this surface. Also, no 
aberrations are, .produced at the folding mirror because its surface is piano. 

The preliminary conic constants for the primary and secondary relay mirrors are 
chosen to correct spherical aberration and coma for the overall system. The 
equations for calculating the conic constants were given in equation set (4). 

Solving these equations for the f/12.88 system: 

Bj = (-0.017361156) + (-1.962870)/(-40. 5662) -= 0.0310256784 

B 2 = (0.032351479) + (-0.671702)/(-28.5460) = 0.0558819912 
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Aj = (-29.3185) + (2445. 2l)/(-40. 5662} = -89.59552866 


A, = (-149.282) + (8.4327)/(-28.5460) = -149.5774074 


B, = (0.079412496) - (-0.017361156) = 0.096773652 


Bp = (0.032351479) - (0.079412496) = -0.047061017 


+2 

-2 


(-1.962870)/(-40.5662) 

(-0.671702)/(-28.5460) 


= 0.0002265748 


= -0.000026057 


The residual spherical aberration is given a value equal to the cover plate 
spherical aberration: 


R 3 = SA = 9.48x10 ” 

Similarly, the residual coma aberration is: 
R. = Coma = •.4.37x10'^ 


Then: 


E = -0.000084039 
F = +0.2633640285 


and: 


= -0.47828 primary mirror conic constant 

Kg = -7.35155 secondary mirror conic constant 

The prescribed conic constants for the primary mirror and secondary mirror 
are -0.479 and -7.314, respectively. These values are very close to those 
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calculated above. 


For the f/30 relay system, a- similar set of calculations as those above gave 
a primary mirror conic constant of -0.28312 and a secondary conic constant of 
-2.43835. The prescribed conic constants are -0.284 and -2.420. 

This evaluation of conic constants show that the prescribed f/12.88 and f/30 
relays have virtually zero third-order spherical aberration and coma. 
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SYSTEM PERFORMANCE SPECIFICATIONS 



4.0 SYSTEM PERFORMANCE SPECIFICATIONS 


In order to realize the Space Telescope objectives of high angular resolution 
over a wide field, extended wavelength coverage and faint object detection, 
the performance of the wide Field/Planetary Camera must be matched to that of 
the Optical Telescope Assembly (OTA). 

The capability of the Space Telescope is limited by three parameters of the 
OTA and the Wide Field/Planetary Camera. The first two, manufacturing limita- 
tion of the optics and UV cutoff of the optics coating, impose the static 
limitations. These two limitations, coupled with the third limitation — 
pointing stability of the Space Telescope {SSM + OTA + WF/PC), constitute 
the dynamic limitation. 

The inability of a static manufactured optical system to perfectly match 
the designed system results in degradation of performance. For a manufactured 
optical system, the modulation transfer function (MTF) can be calculated and 
compared with the designed MTF. (The ratio of manufactured MTF to designed 
MTF is called the optical quality factor, "OQF".) For performance "prediction" 
purposes, the OQF can be expressed as follows: 

2 

OQF = exp "(21^0)) [i-,j,(v)] 

where m is the rms wavefront error in units of wavelength and (f«(v) is the 
autocorrelation function. <j)(v) is usually expressed as follows: 

*{v) - exp ■ 

C2 


where x is the wavelength; /# is the system focal ratio; v is the spatial 
frequency; and C is the autocorrelation length. 


It should be noted that these empirical performance prediction equations 
have agreed closely in past experience with calculated "static" manufactured 
results. Shown in figure 4.0-1 is the theoretical designed MTF for a combined 
OTA with planetary camera at the center of the CCD. To create this hypothetical 
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"best” case condition, a simple scaling relationship was used (f/30 v //24). 

This assumes the WF/PC optics design does not increase the central' obstruction 

due to the OTA, and the'WF/PC optics design is diffraction-limited. (Actual 

design performance data without this assumption is given in section 10.1.) 

Using the performance "prediction" equations, the effect of "static" 

manufacturing errors on the planetary camera theoretical design (u=0) is 

\ 

shown in figure 4.0-1. The effect on the resultant star spot size is shown 
in figure 4.0-2. Inherent in the manufacture of a combined OTA with WF/PC 
is a maximum rms wavefront error of 0.075 X due to the OTA alone. The 
addition of an independent WF/PC optical system to the OTA must minimize 
any wavefront error increase to the inherent 0.075 x rms wavefront error. 

Shown in figure 4.0-3 is the preliminary system static wavefront budget for 
the combined OTA with WF/PC (see section 8.5). Shown in figures 4.0-4 and 
4.0-5 are the manufactured performance specifications for the OTA with wide 
field and planetary cameras. The manufactured system specification for a 
combined OTA with WF/PC can be stated as follows: 

The OQF (at the center of the CCD array) of a combined 
OTA with wide fietd/ptanetary camera optical assembly 
at a wavelength of 0. 6328 microns shall be greater than 
63 percent. 

Shown in figures 4.0-6 and' 4.0-7 are the manufactured performance specifications 
for the wide field and planetary cameras without the OTA. In this case, the 
manufactured system specification can be stated as follows: 

The OQF (at the center of the CCD array) of the Wide 
Field/ Planetary Camera optical assembly at a wavelength of 
0.6328 microns shall be greater than 79 percent. 

In the change from a static manufacturing environment to a dynamic operational 
environment, the imaging .performance will be further degraded by image motion. 
This degradation would not be verified by test. For "prediction" purposes, 
however, a Gaussian model combining linear and non-linear image motions is 
usually used: 
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= exp- {2-n^a^v^fi^) 

where is the MTF degradation factor resulting from an image motion and a is 
the pointing stability error. The predicted effect of image motion on the 
manufactured performance of a combined OTA with WF/PC is also shown in figures 
4.0-4 and 4.0-5 (see section 10.0). 
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EFFECT OF STATIC MANUFACTURING WAVEFRONT ERROR 
ON COMBINED OTA WITH PLANETARY CAMERA 

F-igicre 4.0-1 



STAR SPOT SIZE WITH MANUFACTURING ABERRATIONS IN OPTICS 

Figure 4.0-2 
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SYSTEM WAVEFRONT ERROR 
(RMS ERROR AT 0.6328 ym) 

Figure 4,0-3 
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KORMAUIEO MTF HORMALI7EO MTF 


CENTER OF CCD 



SPATIAL FREqUENCV (LP/HH) 


WIDE FIELD CAMERA PERFORMANCE SPECIFICATIONS 
(WITH OTA) 



PLANETARY CAMERA PERFORMANCE SPECIFICATIONS 
(WITH OTA) 

'Figure 4.0-5 


46 

EASTMAN KODAK COMPANY • 901 ELMGROVE ROAD • ROCHESTER. NEW YORK 14650 



NORMALIZED MTF NORMALIZED MTF 



WIDE FIELD CAMERA PERFORMANCE SPECIFICATIONS 
(WITHOUT OTA) 

F-iguTe 4.0-6 




PLANETARY CAMERA PERFORMANCE SPECIFICATIONS 
(WITHOUT OTA) 

Figure 4.0-7 
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5.0 OPTICAL CRITIQUE OF BASELINE DESIGN 



5.0 OPTICAL CRITIQUE OF BASELINE DESIGN 


To critique an optical design, specialized optical analysis software is 
utilized to predict optical imaging performance under theoretical design, 
simulated manufacturing and simulated operational conditions. 

The questions to be addressed include: 

a. What are the system performance merit functions? 

b. What is the predicted "designed" system performance? 

c. What is the system fabrication tolerance? 

d. What is the predicted "manufactured" system performance? 

e. What is the operational (dynamic) tolerance? 

f. What is the predicted "operational" system performance? 

For most imaging devices, MTF analyses serve as useful performance merit 
functions. System performance specifications have been established in 
section 4.0. The six basic questions have been addressed in figures 4.0-4 
and 4.0-5, and serve as theoretical upper limit goals for the optical critique 
of the baseline design. 

The calculation of data such as spot diagrams, wavefront optical pathlength 
differences (OPD), and modulation transfer functions (MTF) require the tracing 
of many exact trigonometric rays. Also, extensive data processing is required 
such as numerical integration. Consequently, the use of large-scale computer 
programs is required. 


STAR is an Eastman Kodak Company proprietary program which traces exact trigono- 
metric rays thorugh an optical system and calculates ray intercept points and 
wavefront OPD. There are no'restrictions on lens element tilt and decenter be- 
cause this program uses exact trigonometric expressions throughout. 


BFLT5 is also an Eastman Kodak Company proprietary program. This program is more 
extensive than STAR. In addition to ray intercept points and wavefront OPD, 

BFLT5 calculates spot diagrams and diffraction-based MTF. Trigonometric 
approximations are used in its tilt and decenter routines, however, so the 
magnitudes of lens element tilts and decenters are restricted. 
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The tilted OTA + //12.88 relay system was modeled on both STAR and BFLT5. 
Wavefront OPD's were calculated using both programs, and compared. No 
significant difference was found between the STAR data and the BFLT5 data. 

This showed that errors due to tilt and decenter approximations in BFLT5 
were negligible. After the accuracy of BFLT5 was established, this program 
was used to calculate spot diagrams and MTF. 

5.1 WIDE FIELD CAMERA MATH MODEL 

The following six mirrors were incorporated in the BFLT5 math model: OTA 

primary mirror, OTA secondary mirror, pyramid field mirror, folding mirror, 
relay primary mirror, and relay secondary mirror. Initially, all the mirrors 
were aligned to a common optical axis. A full-aperture (40x40 array size) ray 
trace of this in-line system showed all rays converging to the expected focus, 
thereby forming an aberration- free on-axis image point. 

The field mirror was then decentered upward by 1.59 cm and tilted 9.1056 
degrees about its decentered vertex to simulate one of the concave pyramid 
faces . 

A single chief ray, passing through the vertex of the OTA primary mirror (which 
is also the system entrance pupil) was traced. The input angle of this ray 
was adjusted until it intercepted the pyramid face at a height of 1.59 cm (for 
the //12.88 relay system). This input field angle was 0.015816 degrees. 

After reflection from the pyramid face, this chief ray traveled to the folding 
mirror at an angle of 18.34 degrees relative to the OTA optical axis. The 
folding mirror was tilted about its chief ray intercept point by 18.34/2 
or 9.17 degrees. This tilt caused the chief ray, after reflection from the 
folding mirror, to be parallel to the OTA optical axis, but displaced from it 
by a distance of 6.64 cm. 
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The segment of the chief ray which was made parallel to the OTA axis is 
the optical axis of the relay mirrors.* The primary and secondary mirrors 
of the relay lens and the cover glass were shifted upward 6.64 cm to center 
them on the relay optical axis. The two relay mirrors and cover glass were 
shifted as a unit along their optical axis until the prescribed back focal 
distance was achieved. 

Focus was checked by tracing a set of parallel input rays entering the OTA 
at a field angle of 0.015816 degrees. It was verified that the OTA brought 
these rays to a focus on the pyramid face at a height of 1.59 cm from the OTA 
axis. After reflection from the pyramid, the rays diverged to the relay 
primary mirror via the folding mirror. The relay primary and secondary mirrors 
refocused the rays and formed a point image on the relay optical axis. This 
image was formed 0.1009 cm behind the cover glass. 

A fixed piano image surface was then placed 0.1009 cm behind the cover glass. 
This surface simulates the CCD detector. Two "dummy" surfaces were also added 
to the math model. One of these surfaces, located 490.6 cm in front of the 
OTA primary mirror, contained the OTA central obstruction. The second surface, 
located 16.26 cm in front of the relay primary mirror, contained the 
obstruction caused by the relay secondary mirror. These dummy surfaces do 
not refract or reflect rays; instead, they block rays which fall within their 
obstruction perimeters. A third obstruction, caused by the relay primary 
mirror hole, was specified on the relay primary mirror surface, 

5.2 WIDE FIELD CAMERA PERFORMANCE PREDICTION 

The tilted optical system comprised of the OTA plus baseline //12.88 relay 
design was evaluated. Shown in figure 5.2-1 is the actual system MTF compared 
with the design MTF specification. It should be noted, however, that there was 
virtually no difference between the actual system MTF and the theoretical 


* Relay tens axiSj in JPL design^ is inotined 1.7254 degrees to 
the OTA optioat axis. In the math models it is convenient to 
make these axes ’parallel. This does not affect optical performance 
because the folding mirror is piano. 
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aberration-free MTF (optical performance at the center of the CCD was 
diffraction- limited; the spot diagram was a single point.) The difference 
between the design specification MTF and the theoretical aberration-free MTF 
is the increase in central obscuration due to the secondary mirror of the 
relay (see figure 3. 1.5-2). 



WIDE FIELD CAMERA BASELINE DESIGN 
(CENTER OF CCD ARRAY) 

Figure 5.2-1 



WIDE FIELD CAMERA BASELINE DESIGN 
(0.7 FIELD) 

Figure 5.2-2 


Image quality degraded rapidly, however, for off-axis points on the CCD. The 
prominent field aberrations were field curvature and astigmatism. Shown in 
figure 5.2-2 is the actual system MTF at point A on the performance grid 
(figure 5.2-3). The worst image quality occurred at point A on the grid. 
Aberration-free MTF for this field point is shown in figure 3. 1.5-3 and actual 
MTF is shown in figure 5.2-4. Comparison of these data at a spatial frequency 
of 33 cycles/mm shows that field aberrations at point A reduces tangential 
(X-direction) MTF from a value of 0.35 to a value of 0.16. For radial 
(Y-direction) MTF, its value is reduced from 0.49 to zero. 
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WIDE FIELD CAMERA BASELINE DESIGN 
(FULL FIELD) 

Figure 5,2-4 


MTF at 33 cycles/mm is plotted as a function of relative field angle in 
figure 5.2-5. The center-point of the CCD detector (grid point C in figure 
5.2-3) corresponds to a relative field of 0.0. The outer corner of the CCD, 
grid point A, corresponds to a relative field of 1.0. The dashed curves 
depict theoretical aberration- free MTF. Variation of this MTF with field 
angle is caused by the changing shape and position of the central obscuration 
in the lens aperture. 

The solid curves show the actual MTF for the baseline design. At the center 
of the CCD, aberration-free performance is achieved. However, MTF falls off 
rapidly out in the field. 

The goal of the optimization is to modify the lens prescription in such a way 
that off-axis MTF is improved to an acceptable level without degrading on-axis 
MTF too much. The field aberrations cannot be eliminated. Instead, they 
are partially cancelled by the introduction of compensating aberrations. 
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MODULATION TRANSFER FACTOR 



IDEAL 

KTF(Y) 


IDEAL 

HTF(X) 


HTF(X) 


WIDE FIELD CAMERA BASELINE PERFORMANCE 
Figure 5.2-5 
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5.3 PLANETARY CAMERA MATH MODEL 


The same procedure was used to construct the BFLT5 math model for the OTA + //30 
relay system. For this relay, the chief ray was adjusted until it intercepted 
the pyramid face at a height of 0.679 cm. The input field angle for this 
chief ray was 0.0067556 degrees. 

The angle of the chief ray between pyramid and folding mirror was 18.61 degrees 
and its intercept height on the folding mirror was 5.75 cm. The folding 
mirror was rotated about this intercept point to cause the reflected chief 
ray to be parallel to the OTA axis. The relay mirrors and cover glass were - 
then centered on this optical axis and these elements were shifted, as a unit, 
along the optical axis to establish the prescribed back focal distance. The 
distance between the cover glass and the CCD surface (image plane) was 0.1007 cm. 

The pyramid was repositioned along the OTA optical axis, during an earlier 
.step in this modeling procedure, so that the OTA image would be focused at a 
height of 0.679 cm from the OTA axis. The image locations for the OTA and 
relay were verified by tracing a set of rays through the system. Finally, 
the obstructions were added to the math model. 

5.4 PLANETARY CAMERA PERFORMANCE PREDICTION 

The tilted optical system comprised of the OTA plus baseline //12.88 relay 
design was evaluated. Shown in figure 5.4-1 through figure 5.4-3 are the 
actual system MTF calculations at the center of the CCD, 0.7 field, and full 
field, respectively. Comparison of this data at a spatial ' frequency of 
14 cycles/mm shows that field aberrations at point A reduce- tangential 
(X-direction) MTF from a value of 0.47 to a value of 0.44. For radial 
(Y-direction) MTF, its value is reduced from 0.47 to 0.41. 
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NORMALIZED MTF NORMALIZED MTF 



PLANETARY CAMERA BASELINE DESIGN 
(CENTER OF CCD) 

Figtope 5.4-1 



PLANETARY CAMERA BASELINE DESIGN 
(0.7 FIELD) 

Figure 5.4-2 
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PLANETARY CAMERA BASELINE DESIGN 
(FULL FIELD) 

Figure S.4-5 


MTF at 14 cycles/mm is plotted' as a function of relative field angle in 
figure 5.4-4. The dashed curves depict theoretical aberration-free MTF. The 
solid curves show the actual MTF for the baseline design. 

Similar to the wide field camera, the planetary camera also has residual 
astigmatism and field curvature. However, the effect of these aberrations 
on image quality is negligible because this system operates at a higher /-number 
and has a smaller angular field. The baseline optical prescription, therefore, 
needs no modifications. 
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6.0 OPTICAL OPTIMIZATION OF BASELINE DESIGN 



6.0 OPTICAL OPTIMIZATION OF BASELINE DESIGN 


The goal of the optimization is to modify the lens prescription of the wide 
field camera in such a way that off-axis MTF is improved to an acceptable 
level without degrading on-axis MTF too much. In the baseline design, the 
system has been corrected for third order spherical aberration and coma. The 
system, however, is degraded by astigmatism and field curvature since these 
field aberrations are not controlled in the baseline design. The field 
aberrations cannot be eliminated. Instead, they will be partially cancelled 
by the introduction of compensating aberrations. 

6.1 WIDE FIELD CAMERA OPTIMIZATION 


For optical design optimization, the computer program, COOL/GENII, was chosen. 
COOL/GENII is an automatic lens design program belonging to the Genesee Computer 
Center, Inc. in Rochester, New York. Kodak has access to this program through 
an in-plant terminal. The program combines and integrates a wide collection 
of optical design and evaluation capabilities into a single comprehensive 
system. As a major component, the COOL/GENII system incorporates the optical 
design and evaluation capabilities of David Grey Associates programs known 
collectively as Computer Optics Package (COP). David Grey's optical design 
program has long been recognized as one of the most powerful tools in the 
optical design industry. In particular, his orthonormal izaton techniques for 
optimization are extremely powerful and have been noted for achieving results 
which were unattainable using other methods. After each optimization run using 
COOL/GENII, the resultant wavefronts for the tilted system were calculated 
using the wide field camera math model (see section 5.1). This math model 
utilizes the Kodak BFLT5 optical evaluation software. 


The baseline design consists of two conic mirrors with a piano folding mirror. 
Not very much can be changed in the lens prescription. The secondary mirror 
cannot be moved forward toward the pyramid without either increasing the 
central obscuration or reducing the back focus (axial distance between primary 
mirror vertex and CCD detector). Moving the secondary mirror back increases 
the physical length of the system, and this maximum length is restricted. 
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Aberrations are increased if the primary mirror is moved forward because both 
the primary mirror and secondary mirror curvatures become stronger. Moving 
the primary mirror back reduced back focus which is already at its minimum 
allowable value. 

The mirror locations are fixed. Consequently, the mirror radii of curvature 
are also fixed. Reducing the primary mirror curvature would either increase 
the central obscuration or increase the system /-number. The system /-number 
would also increase if the secondary mirror curvature were reduced. Changing 
the curvature of the pyramid faces would increase the central obscuration. 

The only effective degrees of freedom available for optimization are the 
asphericities of the relay primary and secondary mirrors. For the baseline 
design, these asphericities have been chosen to yield zero coma and zero 
aspherical aberration. By changing these asphericities to improve off-axis 
imagery, the condition of zero spherical aberration is sacrificed. Thus, 
off-axis performance is improved at the expense of on-axis performance. 

The initial plan was to perform? a- preliminary optimization by using an 
in-line COOL/GENII model of the OTA plus //12.88 relay system; then, for the 
final optimization, to use the tilted model. The lens prescription generated 
by each optimization run would be evaluated by program BFLT5 using the tilted 
model for all cases. 

Lens design program COOL/GENII provides a wide variety of optimization targets 
such as third-order aberrations, ray intercept deviations at the image surface, 
astigmatic foci data based on differential ray tracing, and wavefront optical 
pathlength differences (OPD) in the exit pupil. The procedure is to choose 
a set of appropriate optimization targets and assign suitable targets and - 
tolerances. A set of targets is specified for each field angle evaluated. 

The computer program then attempts to bring each target value within its 
corresponding tolerance by varying the conic constants and asphere coefficients 
of the relay primary and secondary mirrors. 

After some experimentation with various combinations of targets, best results 
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were obtained by using OPD targets. By specifying OPD goal values and 
tolerances, the desired wavefront shape at each field angle could be defined. 
After each optimization run, the resultant wavefronts for the tilted system 
were calculated with BFLT5, evaluated, and new goal values and tolerances for 
COOL/GENII were determined. By using these two programs; (BFLT5 and COOL/GENII) 
together in an iterative routine, a final optimized lens prescription was 
obtained using an in-line model in COOL/GENII and a tilted model in BFLT5. 

The optimized conic constants (K) and asphere coefficients (-A 4 - Aiq.) are: 

Primary Mirror 

K -0.50006 

A 4 +0.3914992 E-07 

Ag +0.5890965 E-08 

Ae +0.6845064 E-09 

Aio -0.1842629 E-09 

6.2 WIDE FIELD CAMERA PERFORMANCE PREDICTION 

Shown in figures 6.2-1 through 6.2-3 are the optimized system MTF calculations 
at the center of the CCD, 0.7 field, and full field, respectively. Comparison 
of this data at a spatial frequency of 33 cycles/mm is shown in figure 6.2-4. 
The dashed curves depict theoretical aberration-free MTF. The solid curves 
show the actual MTF for the optimized design. Performance at the center of 
the CCD has been compromised slightly for a better performance balance across 
the field. Comparison of this figure with figure 5.2-5 shows how off-axis 
performance has been improved. 


Secondary Mirror 

-6.64908 
-0.2771794 E-05 
-0.2982543 E-05 
-0.3224190 E-05 
-0.3582286 E-05 
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WIDE FIELD CAMERA OPTIMIZATION 
(CENTER OF CCD ARRAY) 

Figwpe 6,2-1 



WIDE FIELD CAMERA OPTIMIZATION 
(0.7 FIELD) 

Figttre 6,2-2 
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7.0 OPTICAL DESIGN ANALYSIS OF OPTIMIZED DESIGN 


This section describes the performance of the OTA with WF/PC relay systems in 
terms of modulation transfer functions (MTF), field curvature, spot diagrams, 
point spread functions (PSF), encircled energy, geometric distortion, and 
vignetting. These data relate to monochromatic performance at a spectral 
wavelength of 0.6328 micron. 

Both on-axis and off-axis performance have been calculated. Specific field 
points are defined on the performance grid shown in figure 5.2-3. Grid 
point C is the "on-axis" field point with respect to the relay optical axis 
and is coincident with the center of the 12.2 x 12.2mm CCD (charge coupled 
device) detector. Due to the tilted optical configuration, however, the OTA 
is being used off-axis at this grid point. The on-axis image point formed 
by the OTA is located at the pyramid apex and this point is re-imaged by the 
relay lens at grid point E. 

A line passing through points A-E represents the intersection of the detector 
surface and the meridional plane of the optical system where the meridional 
plane is defined as the plane which contains both the OTA and the relay lens 
optical axes. In the WF/PC optical configuration (figure 3.0-3), the meri- 
dional plane is the plane of the paper. Similarly, a line passing through 
points C-F-G represents the intersection of the detector surface and the 
sagittal plane, where this plane also contains the relay lens optical axis. 

The meridionaKplane is a plane of symmetry for the optical system. There- 
fore, except for orientation, performance data at the two grid points denoted 
F (or 6) are identical. 

7.1 MODULATION TRANSFER FUNCTION 


The //12.88 MTF data was calculated at five focus positions. The back focus 
values used were nominal, nominal ± 50 microns, and nominal ± 100 microns. 

At each focus position, average MTF was computed by taking the geometric mean 
of the radial and tangential MTF values. 
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Figure 7.1-1 shows geometric mean MTF as a function of relative field at the 
best-compromise back focus. This curve is the geometric mean of the data given 
in figure 6.2-4. This best compromise focus position was chosen because it 
gives uniform performance from on-axis to 0.8 relative field. 



PERFORMANCE GRID POINTS 


//12.88 RELAY GEOMETRIC MEAN MTF 
AT REFERENCE BACK FOCAL DISTANCE 

Figure 7.1-1 

Figure 7.1-2 describes MTF performance over the overall image field formed by 
the four CCD detectors. The outside corners correspond to grid points A. The 
center of each quadrant is grid point C. 

Through-focus MTF over the field of a single detector is shown in figure 7.1-3. 
By reducing the back focus, MTF at each corner is improved at the expense of 
MTF at the center. 
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In figures 7.1-4 through 7.1-8, relative MTF at the specified grid points are 
shown as a function of defocus. 

MTF is listed as a function of spatial frequency in tables 7.1-1 through 7.1-4. 
These data correspond to the best-compromise focus position for grid points C, 

B, A' , and A. 

The //30 MTF data was calculated at five focus positions. The back focus values 
used were nominal, nominal ± 100 microns, and nominal ± 200 microns. At each' 
focus position, average MTF was completed by taking the geometric mean of the 
radial and tangential MTF values. 

Figure 7.1-9 shows geometric mean MTF as a function of relative field at the 
ootimiim on-axis back focus. 

Figure 7.1-10 describes MTF performance over the overall' image field formed by 
the four CCD detectors. The outside corners corresoond to grid points A. The 
center of each quadrant is grid point C. 

In figures 7.1-11 through 7.1-V4, relative MTF at the specified grid points are 
shown as a function of .defocus. 
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RELATIVE GEOMETRIC MEAN MTF RELATED TO 
DEFOCUS AT THE y’/12.88 RELAY FOCAL PLANE 
{DEFOCUS GIVEN IN MICROMETERS) 

Figure 7.1-6 
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RELATIVE GEOMETRIC MEAM MTF 
RELATED TO DEFOCUS 

Figw?e 7.1-8 
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359.6965 

_ 52.47 


0.2522 

359.9995 

52.41 

0.2563 

359.6787 

54.22 


0.2514 

359.9995 

54.16 

0.2555 

359.6616 

55.97 . 


0.25C5 

359.9995 

55.90 

0.2545 

359.6443 

57.72 


0.2495 

359.9995 

57.65 

0.2534 

359.6270 

59.47 


0.2483 

359.9995 

59.40 

0.2521 

359.6096 

61.22 


0.2473 

359.9995 

61.15 

0.2511 

359.5928 

62.97 


0.2459 

359.9995 

62.89 

0.2497 

359.5757 

64.72 


0.2439 

359.9995 

64.64 

0.2476 

359.5579 

66-47 


0.24X4 

359.9995 

66.39 

0.2450 

359.5398 

68.21 


C.2389 

359.9996 

66.13 

0.2425 

359.5222 

^^69.96 


0.2356 

359.9995 

69.68 

0.2392 

359.5037 

71.71 


0.2320 

359.9998 

71.63 

0.2358 

359.4856 

73.46 


0.2275 

359.9996 

73.37 

C.2314 

359.4670 

75.21 


0.2216 

359.9998 

75.12 

0*2259 

359*4475 

— J76.*.96_. 


0.2151 

359.9998 

76.67 

0.2194 

359.4275 

78.71 


0.2079 

359.9998 

76.62 

0.2124 

359.4089 

60.46 „ 


0.1994 

359.9998 

80*36 

0.2041 

359.3911 

82.21 


0.1901 

359.9998 

82.11 

0.1950 

359.5564 

' 83 .96^ 



_ 0.1798 

359.9998 

63.86 

0.1B48 

359.5576 

85.71 


0.1691 

359.9996 

85.60 

0.1740 

359.5603 

67..46__ 


0.1576 

.359.9998 

87.35 

0.1621 

359.5623 

89.20 


0.1469 

359.9998 

89.10 

0.1509 

359.5662 

20*95 - 



0.1361 

359.9998 

90.84 

0.1397 

359.5706 

92.70 


0.1260 

359.9998 

92.59 

0.1292 

359.5769 

: 94*45 


0*U59 

359.9S^8 

. 94.34 

C.1166 

359.5833 

96.20 


0.1063 

359.9998 

96.09 

0.1067 

359.5916 

91,9A^. 




_2.^9*3L99JL 

__S2.e3 

0.P987 

359.6001 

. 99,70 


C.0881 

359.9996 

99.5b 

G.069fc 

35«.6128 

101.4 


C.07V4 

0.0000 

101.3 

0.06 Of - 

359.6255 

105.2 


C.0711 

O.OOCl 

1C2.1 

0.0722 

359.6404 

10<>,9 


0,0625 

6.0001 

104,8 

0.0634 

359.6545 

ire.7 


r.C<^49 

0,0062 

lCc,6 

C.05f5 

359.673d 

106.4 


i%.0<ro9 

v.tiOOz 

1(E .3 

C.C-*74 

359.69^1 

lie. 7 


C.C39f 

C.JCC2 

IK ,1 

0.C4C1 

359.7161 

111.9 


C .t'373 

0.OC05 

lU.fc 

f .0325 

359.7385 

115.7 


0.2257 

0.<'CC7 

113.6 

C.C2 58 

359.7671 

115.4 


L.CIdb 

C.0007 

115.3 

0.0167 

359.7922 

117.2 


6.01:51 

C.-CCtA 

117.1 

''.‘'iJl 

35V.8274 

11b. 9 


0.C073 

c.ooob 

in .8 

0.0C73 

359.6567 

12C.7 


0.CC37 

C.0C66 

120.5 

0.0037 

359.9C2f 


70 


EASTMAN KODAK COMPANY • 901 EuMGROVE ROAD • ROCHESTER, NEW YORK 14650 



Table 7.1-2 

//12.88 MTF AT GRID POINT B 


Of ^ 


OTA* 

THETA* 


F/12*fl6 RELAY 


PHI* .C.02A UEG* 


O.J r.eU 


JUV£Ii,QR CALtULATEO PL}(.At .PLAhE AI .. 




“OC*l SHIFT* 
- FR£<j 
0.0 

-UT48 . 

3*A97 

3^2a5 

fr*V9:* 

6.7A2 

X0*a<5 

12*2a 

13*99 

17. AS 

19.^3 

2C*9t 

22*73 

?a.al 

26.23 

27*07 

2«*72 

31.A7 

35*22 
39. v7 
36.71 

‘^w.21 
Al.96 
A3 .71 
AS.46 
A7.2I 
AP.9‘ 

60. 7r 
92, 

95,95 
57.7<' 

50*,,^ 

61.10 
62.9a 
69.60 

6 b.A<< 

63.10 

60. 03 
71.66 
75. Ai 
75. U 

76.03 

76.65: 

6r,o^ 
e2.i7 

65.02 
e5.G7 
87.92 
JJ9.17 
OC.91 

.92 . 66 
99.91 
„.9J6a6 
97^91 

99.66 , 

101.4 
,1C^5.2 

109.9 
106.6 

108.9 
lic-.l 
111.0 
113.6 

115.9 
U7.1 
llt.O ' 

. Us.6 


0.-' 
HJfiX) 
l.OOPC 
X.966C 
0,9306 
1?^P995 


CN. 
PHASE IX) 
0*0 

359^99£t5 

359.9995 

.^59 ^^95 


0.4363510CO 03 Cn. 

resultant FXAl position* 0.23635100t Olf 


PREO 
0.0 

- ,1.796 
5.993 
► .259 


MTFtY) 
l.OOOD 
0.9662 
0.9362 
. 0.903V 


C.8581 

359.9995 

6.985 

0.8716 

. 0.8217 

--359^995 

* 8.732 

0.8392 

6,7865 

359.9995 

1C.46 

C.e07l 

3,7503 

359.9995 

12.22 

C.7751 

0,7155 

35V.99V5 

13.97 

( , /4,>3 

.0,6811 

,,359.9995 

15,72 

e,7l.:3 

0,6471 

359.9995 

17.46 

0.6614 

0.6136 

359.9995 

19.21 

0.65C7 

f*,5804 

359. 9995 

20. 9t> 

0,6201 

C.5489 

359.9995 

22.70 

0,5902 

0.5176 

359.9995 

24.45 

0,5610 

0,4570 

359.9995 

. „_J?6.20. ^ 

0,533b 

0,4567 

359.9995 

27.94 

0.5098 

C.4274 

359.9995 

^9.69 ' 

0.4865 

C.3986 

359.9995 

31.43 

0.4645 

0.3710 

359.9995 

23. U .HMS« 

0.4427 

0.344e 

359.9995 

34. V3 

0,4*29 

,.C.325C 

. 35«>.9995 

36. o7 

C.4C33 

C.3r8l 

359,9995 

58.42 

0.384A 

C.2949 

359,9995 

4( .li 

C.3661 

C .2841 

359.9995 

41.91 

C.3497 

C.276'> 

259.9995 

43.66 

0.33M 

:.275S 

359.9995 

45.-' 

Ci.52r^ 

:.267£ 

359.9995 

47.15 


C .1656 

359.9995 

A6.y( 

0,,:‘Jj9 

0.266C 

259.9995 

55.64 

C-2951 

0.2664 

359.999S 

5:. 39 

0.2863 

C .4.*67<- 

,»59.V995 

54, 14 

0,27b8 

C.26P8 

359.4V95 

55. 8E 

0.2732 


0.2697 
C,27L'5 
0.2719 
C.2726 
0.2727 
C.2727 
C.2726 
1.2715 
C.27C3 
C.2681 
0.269o 
0.2602 
0.?S95 
0.2982 
0.2596 
0.2286 
.0..2i96 
0.1993 
. 0.1397 
0.1702 
0.1569 
C.1927 


559.9995 

359.9995 
359.9*595 

359.9995 

359.9995 

359.9995 

359.9995 

359.9995 
35V. 9995 
359.9993 

359.9995 

359.9995 

359.9998 
359.«995 

359.9998 

359.9995 
359.999E 

359.9998 

359.9998 

359. 9998 

359.9998 

359.9998 


12.1297 359.9998 

0.1169 359.9998 


0.1053 

0.0938 

0.0829 

0.0720 

0.0623 

0.0526 

0.0440 

0.0352 

0.0276 

0.0198 

0.0138 

C.C076 

O.C038 


359^9998 

359.9996 

359.9998 

35V.99V8 

0.0000 

O.OOOC 

O. OOCl 

0.0003 

O.OOOa’ 

O.OOOA 

0.0004 

0.0004 

.0,0003 


' 57.63 

59.38 
. . .61.12 
62.87 
64.61 
66. 36 
6P.ll 
AV.bt 
71 . 60 
73.35 

75, 'iV 

76. 8^ 
78.59 
80.33 

82.06 
63.82 
65.57 
87.32 

89.06 
90.81 
92.56 
94. 3C 

‘ 96.05 
97.80 
99.54 

101.3 
103.0 
104.8 

106.5 

106.3 

- 110.0 

111.6 

. 113.5 

115.3 
117. C 

118.6 
12c .5 


0.2675 

0.263P 


PHASE 1 y ] 

0.0 

0.0222 

0.04wl 

0,0625 

C.094f 

0«l4Cf 

0.20*9 

0.26U 

(.3704 
C.4PC2 
C.5926 
C-.7C77 
0. £ 175 
C.909A 
0.9622 

0. 9994 
1.0427 

1. C651 
1.075C 
1.0597 
1.0265 
C.S67t, 
C.4541 
(.92if 
C.89Si 
6.t36C 
fi.7clc 

O, 7l<i4 

P. 65t4 

,0.5972 

C.5A4C 

0.5025 

0.4394 

0.40P2 

C.356C 


0.2607 -.„J).326V 

0.2562 0.3279 


0.2550 
0.2519 
C .249- 
0.2462 
0.2438 
0.24C7 
C.237C 
C.232( 
C.227C 
0.2220 
0.215X 
0.2062 
0.1973 
0.1878 
0.1788 
0.1692 
0.1596 
0.148? 
0.1384 
0.1263 
0.1135 
O.IOCS 
O.08E7 
0.0767 
0.0&60 
C.0554 
0.0460 
0.0366 
0.0284 
0.02 03 
C.0142 
C.0076 
C.0C3P 


0.36\il 
C.4282 
C.511C 
C • 6443 

0. 810 a 

1. C121 

1.4451 

1.52s£ 
i.829«^ 
2.1576 
2,4966 
2.7845 
2,9914 
3,1282 
3,1301 
3,C3o4 
2.8205 
2.5415 
2.0942 
1.6737 
1.3331 
0,9916 
0,63t5 
0,2937 
359.9306 
359.6C5C 
359,28t>4 
35V,Cl>4 
358.7954 
358,6416 
356.5938 
351 .6340 
351.9026 
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Table 7.1-3 

//12.88 MTF AT GRID POINT A 


ClA4 KbLAY 

HFTAs 0,( C-C27 't - t** 

.IVEv Ck CAtCULAltU KjCAL FLANt Al t • i 3c35. lOC j t3 Cm, 

OCAL SrtifT* f.,0 CM, ftfbULTANT KjCaL HU:>1T]ONs 0,^36J51f‘’l 



HTFtXI 

PHASt (XI 

FRtO 

MlFl YJ 

PnASt lYI 

O.P 

1.0000 

o.c 

0.0 

1.0000 

O.C 

l*74fc 

0.9698 

359.9995 

1.746 

0,9673 

0.0277 


0.9291 

359.9995 

s 3.493 

0-9337 

* 0.06*t3 


0.8932 

359. 9995 

5.2:>9 

0.6992 

0.1261 

6*9v3 

0.8572 

359.9995 

6.965 

0.6639 

0«2c6b 

b,7vl 

C.8217 

359.9995 

8.732 

0.828C 

0.3774 


C.7863 

359.9995 

10.^8 

0.79i7 

0.58/2 


0.7515 

359.V995 

12.22 

0.7553 

0.8631 

13^99 

D.7170 

359.9995 

13.97 

C,7iu6 

1.2107 

• 15.73 

0.6627 

359.9995 

* 15.72 

0.6831 

1.6138 

17. Af 

0.6407 

359.9995' 

17.46 

0,6476 

2.C8bk 


0.6198 

359-9995 

19*21 - 

C.8l*C 

2.62^5 

?O.Vb 

C.5811 

350,6695 

20. «6 

0.5799 

3.1570 

22 .73 

0.596S 

359.999b 

41^.70 

C.5510 

3.<^5e>3 

2A.A7 

' 0.5165 

359.9995 

A4*.v5 

0-52^8 

. . 3-6485 

26.22 

0.964.7 

359.9995 

4*6.19 

0.4960 

3-6t65 

27. V7 

C.952V 

359.VVA5 

. 27-9- 

G-47i2 

3.591C 

2‘>.7? 

0.9217 

359.9V65 

29-69 

0.44S2 " 

3.3998 

31 .A7 

:.39C5 

359. ''995 

3 1“. h3 

0,426] 

3-C31-. 

33.22 

,C.3o2C 

359-VV95 

,:v3«lb 

0-4f 4^ 

2.4551 

3A ,9«> 

D.3^65 

359-99V5 

34-63 

0 . 38 C 

1.7256 

36-71 

C-3195 

359.VV95 

36.V7 

3,3c.j: 

6.8ilt 

3E: .A6 

0.3011 

359.990b 

38.4? 

0.34-sV 

359.6521 

AO.^1 

0.2t59 

359-9995 

40. 17. 

0.32 74 

35b.2b7i 

*♦1 .9t 

2.274,7 

36V-SV95 

.41,91 

0,^12' 

357. i 

A3.7C 

C.2693 

359-9991 

43- 6t 

0-2*'k«» 

356. C55* 

95. .,5 

C.26V5 

359.9995 

45. h'-* 

C-Z801 

3S5-Ci-.y 

97. 2f 

0.2tv26 

359-0995 

47.14 

0,274,4* 

354 .12*-. 

a6.V5 

:>.2tic 

359.999b 

4b- vr 

0.^652 

35a.i.:fc 1 

3r , 70 

C .2633 

359.9095 

50,64 

0.2557 

352,473f 

52 .^f 

C.26‘*6 

359.999b 

52- JV 

0.2471 

351.48:7 

59,1V 

0.2673 

359-9996 

54.14 

C.2393 

35C-7117 

55 , VV 

C.269S 

359,V96fc 

55- ai ' 

0.2322 

34v.8iVl 

' S7,t,<- . 

r.07^4. 

359--9*-6 

57 . t 

0.2258 

34o -feCoT 

59. AV 

C.27-5 

359. '*996 

59-37 

C,21V5 

34 7.7495 

6l .IV 

C.?7b9 

360.0000 

0 1.12 

C-2155 

346,415t 

,62 -VS 

' C.27^4, 

363. COOL . 

02-67 

0.2112 

34*.. 9785 

6v.c>iJ 

0-280/ 

o.oooc 

64-61 

0.209V 

343.6bl6 

66. a3 

C.2&13 

o.ooco 

66. 36 

C-2''/*. 

3H2.375*. 

6F .19 

C.2S26 

C.''OOC 

66.11 

0.ZO57 

3*. i. 262 9 

60.93 

C.2k2o 

0.50CO 

oV,t5 

0.2C,^t 

34C .3184 

71 .67 

0-2653 

o.;ccc 

' tl.tZ 

0 . 2 C 18 

339,*,23e 

73.92 

'V.2620 

O.COOO 

73. 

0.19^4 

350.7136 

75.17 

f .2810 

o.aocc 

75- CV 

0,19t5 

, 338.1914 

76.92 

0.277V 

C.DOOC 

7o- b4 

0.19 a:, 

337.b6l5 

78.67 

0.2792 

359.9996 

7£-56 

0.18V4 

337.7639 

8C.92 

0.2697 

359.999B 

'8C.33 

0-1857 

337-7151 

82.16 

0.2631 

359.9996 

82.08 

0.1806 

336.0635 

83.91 ' 

0.25C6 

359.9998 

83.62 

0.1744 

338.9666 

65 .6o 

0.2392 

359.999b 

85.57 

0.1664 

339.9690 

67.91 

0.2176 

^359.9996 

87.32 ' 

0.1616 

340.8630 

‘89.16 ‘ 

C.2020 

359.9996 

89.06 

C.1553 

341.8447 

90.90 

0.1862 

. 359.9996 

90.81 

C.1482 

342-7195 

92 .65 

'C.1711 

359.9996 

92.55 

0.1409 

343.5024 

99. 9G 

0.1560 

359.999b 

94. 3C 

0.13^4 

344-3572 

“96-15 

““’0.1917 

359.9996 

96.05 

0.1256 

545.1152 

-.97.90 

0.1279 

3^9^9998 

97.79 , 

0.U75 

345.7791 

99.65 

0.1195 

359*9998 

99-54 

0.1091 

346.1765 

-101.9 

0.1016 

359.9998 

101.3 

0.1005 

346.6941 

1C3.1 

0.0895 

359-9996 

103. C 

0.0901 

346-4VC;C 

1C9.9 

0.0779 

359.999b 

104.6 

0.0784 

345.9131 

1C6.6 

0 .0bc>6 

o.cooo 

106.5 

0-067k 

345-3555 

lot .9 

0.0559 

0.0001 

IC6.3 

0.05 7f 

344 -b*,: a 

Ilf .1 

0.0965 

0-0002 

lic.o 

0.047^ 

344-3bb4 

n 1.9 

c.tsvc- 

O.wODi 

lll.t 

C.037k 

344.01^4 

11 , t 

0.02cS 

0.0003 

11j>-5 

0-0295 

343,7o7l 

>115.- 

C .C206 

c .ecc3 

lit .3 

0.02t V 

343-6152 

117,1 

C.0192 

C.0CC3 

117.: 

C.Cl-4 

343.7129 

n e, V 

r.rf 78 

c,:cca 

life. 7 

0,C0 7> 

343.9lt*w 

12f .t 

«7.0C*3V 

O.OOOv 

124 -5 

C.OC-aV 

344.620-, 




Tdbte 7.1-4 



//12.88 

MTF AT 

GRID P 

DTA* -P/12, ea RELAY 



THETA* 

0,'“ . DEG. 

Pm1= 0. 

032 DLG. 

/AIVEN or' 

CALCULATED focal 

PLANE AT 

0, 23635 J 

5mpT-_ 0,0 

CM. 

RESUn 

FREQ 

hifiai 

PnASbtX) 

FKEO 

-JL,D 

1*0000 

0*0 

0,0 

1.748 

0.9623 

0,0002 

1.747 

3,496 

.C,9237 _ 

. 0,0003 

_ 3,493 

5,244 

0.8042 

0,0003 

5.240 

6-9$2_ 

0,8440 

O.OOC4 

6.967 

8,740 

0,6033 

C.0CO4 

8,733 

10.^9 _ 

. 0,7620 

0*0004 

10,48 

12,24 

* C.7212 

0.0004 

12.23 



0.6804 

0,0004 

13,97 

15,73 

C.6397 

0,0004 

15*7^ 

17,48 

C,599j 

C.C0C4 

17.47 

19, 23 

0.5594 

0.0004 

19.21 

20,96 

0.52D3 

0.0004 

20.96 

22.72 

0.4&33 

0,0004 

22*71 

- 24,47 „ 

C,447^ 

O.P004 

24.45 

26.22 

0,4125 

O.0CO4 

26. 2C 

27*97 

r.37db 

0.0004 

27,95 

29,72 

. 0.3519 

V*. 0OP4 

29,69 

. 31 *46 

0,3262 

0.0004 

3 1 ,44 

33,21 

OftAfc C.3P7J 

0,0004 

33, iv 

3.4.* 96 , 

0,2091 

0.C0C4 

34-93 

36.71 

C,?73? 

0,0004 

36.68 

38,46 

0, 25^-1 

0,0004 

38,43 

4C.2C 

0.24 74 

0.C0C4 

40,17 

41,95 

0,239b 

C.G0C4 

41.93 

43. 7C 

0,2374 

0,0003 

**3,b7 


47,20 

48.94 
50,69 
52.4.. 
54,19 

55.94 
57, 6£ 

, 59,43 
61,18 
62,93 
64.68 
66 ,42 

63.17 
69,92 
71,67 
73,42 

75.17 
.._76*91 

78.66 

„ 00,41 

B2.16 

B30?l 

85.65 
SX*irP . 

89.15 
_ 90,90 

92.65 
. 94,39 

96,14 

97,80 

99.64 

101.4 

103.1 

104.9 
1<^6,6 
10^.4 

110.1 

111.9 
IU,6 

115.4 
117,1 

110.9 

12 ( ,6 


0.2352 

r.2357 

C,23?2 

0.2413 

C.2‘*47 

0,2490 

0.2532 

0,2565 

C.2595 

0.2624 

0.2650 

C.2663 

0,2673 

C,2602 

0,2obo 

0,2682 

0,2674 

0,2657 

0,2629 

0,2601 

0.2563 

C.2498 

C.2373 

C.2249 

0.2120 

C.1993 

0,1063 

0,1729 

0.U94 

C.1461 

0,132m 

C.119* 

2,i:7C 

0,0946 

c ,0b<,c 
:,'7'7 
C ,C59^ 

I -f ‘♦4:, 
C.0341 

...21^ 

» .<*ur 
:.octi 

0,6H4lr 


C,C/0C4 

C.C003 

o,c.cc«» 

C.CCC 3 
C.CCC3 
0.0003 
0 , 0C04 
C.0C03 
G,CC04 
0,00C3 
0,0003 
&.C0C3 
0,0003 
0,0003 
0,OD03 
0.0CC3 
O.D003 
0,0003 
O.OOCj 
0,000:> 
0,0003 
C.0003 
0,0003 
0,0003 
0,0003 
0,0003 
0,0003 
0.0003 
C.OOP3 
f ,CC02 
o.L*oc-r 
( .ccri 
359.V998 
359,V9Vb 
36v .vOOC 
C.CrPCC 
C.OCOC 
c.cccc 
0 . 000 ( 
c.cfc : 

wvfCC 
I ,..^01 
O.'.CC I 
0,0000 


45,41 
47.16 
46.91 
50, 65 
5^.*,C' 
54,15 
55. £9 
57,64 
. 59.39 
61,13 
62,86 

64.63 
66,37 

6b, 12 
69.87 
71.61 
73,36 
75.11 
76. 65 
78,60 
BO. 35 
82.09 
83.84 
85,59 
67.33 
89,08 

90.63 
92,57 
94,32 
96. f7 
97-bl 
*^9. 56 
1C1.3 
XC3,1 
IC^^.b 
1T6.5 

la 
1x0 *c 
111. 6 
115.5 
115,3 
m.f 
lia ,e 
1 X (■ « 5 


I o r.clJ 

f 03 CM, 
focal P03I 
HTF<Y 
I,OOCO 
0.9601 
0.910C 
0.6531 
0,7912 
0,7270 
0,6626 
0,6009 
0,5425 
0,4864 
0.433> 
0.3826 
0.3352 
0.2921 
0.252^ 
0,215V 
0.1836 
0,1557 
0.131& 
*^*5 0.1122 

0,0972 
0,0866 
0.0791 
0,0745 
0*0696 
0.C638 
C.05c3 
C .0546 
0,05 06 

0 « 04 b 2 

0.0463 
0.0446 
0,0435 
0,0430 
0,0428 
0.0435 
0,0443 
0.0459 
C.0471 
0,0484 
0,0498 
C,05U 
0,0526 
0,0536 
0,0545 
0.0557 
0.0561 
0,0577 
0.0603 
0,0625 
0,0639 
' 0,0656 
0,0663 
0,0664 
0,0660 
0.06 5u 
O.C6^3 
0.C62C 
0.059:> 

0.0564 

0.C525 

ii,C4t7 

0.C4 JO 

0.03:5 
0.026" 
:.,oi 96 
0.3U. 
3.:C78 
0.0040 


Of pOOH ^ 


TION- 0,23635100t 03 
PHASE I Y1 
0.0 

0.1327 

0.3374 

0.6716 

1.1869 

1,9308 

2.9330 

4.1907 

5.4b6«' 

6 . 449C 
7.3651 
B.0634 
8.5492 
8,7707 
6,4429 
7,5783 
6,1298 
4.0047 
0.85i0 
356*S72b 
352,6Cl6 
348.1462 
344.3257 
54l,7bo4 
339.8V67 
337.7141 
535.1453 
332.2400 
328.5691 
324.4707 
319.4998 
314.3091 
308,395b 
302.8208 
296.8752 
292.0083 
267,131b 
263,3062 
280,3662 
275,5056 
271,7566 
266.2190 
261,7168 
257,5549 
254,2692 
252.4236 
250. 9012 
251,3526 
252,9884 
254,9754 
256.8098 
259.0C34 
261.1071 
263.5693 
265.946C 

266.7554 
27 1.36- 3 
27«t .35i 9 

277.6112 
281,11L7 
^b4.533J 

2t7.564j 

291.4121 

293.794*. 

291. 6113 
..93.7742 

294, tV' 7 
2V5.fcil5 
291. K^l 
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HBiSHm HOIIVWTOH 



f/30 RELAY GEOMETRIC MEAN MTF 
AT REFERENCE BACK FOCAL DISTANCE 

Figiwe' 7 . 2-9 




f/30 RELAY - OPTIMIZED GEOMETRIC-MEAN MTF 
AT VARIOUS FIELD POSITIONS 

Figure 7*1-10 
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RELATIVE GEOMETRIC MEAN MTF RELATED TO DEFOCUS 
AT THE //30 RELAY FOCAL PLANE 
(DEFOCUS GIVEN IN MICROMETERS) 

Figure 


GRID POINT D 



RELATIVE GEOMETRIC MEAN MTF RELATED TO 
DEFOCUS AT THE f/30 RELAY FOCAL PLANE 
(DEFOCUS GIVEN IN MICROMETERS) 

Figure 7,1-12 
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Figure ?. 1~14 
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RELATIVE GEOMETRIC BEAM MTF RELATED TO 
■ DEFOCUS AT THE //30- FOCAL PLANE 
{DEFOCUS GIVEN IN- MICROMETERS) 


EASTMAN KODAK COMPANY • 901 ELMGROVE ROAD • ROCHESTER. NEW YORK.14650 



MTF is listed as a function of spatial frequency in tables 7.1-5 through 7.1-8. 
This data was calculated at the optimum on-axis back focal distance. MTF data 
at grid points C, B, A', and A are given. 


Table 7.1-5 

y/30 MTF AT GRID POINT C 


POOR QUAUTV 


OTA ♦ 1 

F/30 RELAY 


* 



THETA. 

0.0 DE^. 

PHI*. 0. 

007 OtC. 



^IVETT'oR CALCULATtlJ FOCau Plane at 

0.24509520D 

03 CN. 


;-OCAL SHIFT. 0*0 

CK. 

resultant 

FOCAL PUSlTlOh= 0,24: 

FREU 

HTFU) 

PhA$b{xJ 

FftfcL 

NTFIYJ 

PHASE tYl 

0.0 

1.0000 

0.0 

0.0 

1.0000 

0.0 

0*7515 

0.9706 

360.000D 

0.7516 ' 

0*9709 

0.0000 

1.505 

0.9417 

360.0000 

1.503 

0.9417 

359.999b 

2.256 

0.9125 

359.V99f 

2.255 

0.9126 

35V.V99h 

3.Q10 

0.8634 

359.V99B 

3.00© 

0.8635 

559.9991 

3.7t3 

0.8543 

359.9998 

3.753 

0.8543 

559.9998 

-_A.A}5 

™ 0.6252 

359.9998 

4.510 

0.8252 

359.9995 

5.266 

0.7961 

359.9996 

5.261 

0.7961 

559.9995 

6.020 0.7670 

359.999B 

6.013 

0.7670 

559.9992 

6.773 

0.7382 

359 .9998 

6.764 

0.7379 

359-9995 

7.525 

0.7094 

359.9998 

7.516 

o.7oea 

559.9990 

8.278 

0.6609 

359.999t 

8.268 

0.6803 ' 

359. 9990 

9.030 

0.6529 

359.9996 

9.01V 

0.6518 

359.9Vbt 

9.763 

0.6245 

359.9996 

9.771 

0.6239 

559.9985 

10.54 

0.5966 

359.9998 

10.52 

0.5960 

559.9983 

11.29 

0.5693 

359.9998 

11.27 

0.5667 

5S9.9V85 

12.04 

0.5^20 

359.9996 

12.03 

0.5415 

359.9960 

12.79 

0.5159 

359.9996 

12.78 

0.5148 

359.997b 

13.55 

0.^867 

359.9996 

13.53 

0.4861 

3SV.997© 

14.30 

0.4^626 

359.9996 

14.28 

0.4620 

559.9971 

15.05 

0.4365 

359.9996 

15.03 

0.4360 

359.996c 

15.80 

0.-%il7 

359.9996 

15.7© 

0.4IU 

359.VVop 

16.56 

0.3665 

359.9996 

16.54 

0.3862 

359.9961 

17.31 

0.3699 

359.9996 

17.29 

0.3687 

359.9951 

18.06 

0.3553 

359.999c 

IS. 04 

0.3541 

35y.9956 

16.81 

0.3432 

359. 9998 

10.79 

0.3420 

359.9954 

19.57 

0.3335 

359.9998 

19.54 

0.3329 - 

359.9*'«*v 

20.32 

0.32CC 

359.9996 

20.2V 

0.3260 

5S9.9V4C 

21.07 

0.3231 

359.9998 

21.04- 

0.3232 

35v.99*,4 

21.82 

0.3195 

359.9998 

21.80 

0.3195 

559.9941 

22.58 

0.3159 

359.9996 

22.55 

0.3159 

359.9.939 

23. J3 

0.3129 

359.9998 

23*30 

0.3129 

359.9^34 

24.08 

0.3096 

359.9996 

24.03 

0.3098 

359.9932 

24.83 

0.30cE 

359.9998 

24.80 

0.30©e 

359.9929 

-25.59 

0.3036 

359.9996 

25.53 

0.3038 

359.9927 

26.36 

0.3013 

359.9996 

26.31 

0.3014 

359.9924 

27.09 

0.29B9 

359.9998 

27.06 

0.298V 

359.9924 

27.84 

0.2965 

359.9998 

27.81 

0.2965 

359.9922 

26.60 

0.2925 

359.9998 

28.5© 

0-2941 

359-9919 

29.35 

0.2904 

360.0000 

29.31 

0.29in 

359.9919 

30.10 

0.2874 

359.999© 

30. Do 

0.2880 

359.9917 

30.85 

0.2636 

360.0000 

30.82 

0.2t44 

559.9V17 

31*61 

0.27t9 

359.9996 

31.57 

0.2795 

359.9915 

32.36 

0.2741 

360.0000 

32.32 

0.2747 

35V. 9913 

33.11 

0.2680 

359.9996 

35.07 

0.2666 

559.9912 

33.86 

0.2613 

360.0000 

33.82 

0.2619 

559.9912 

34.62 

0*2534 

359.9998 

34.57 

0.2541 ' 

359.9912 

35.37 

0.2450 

“‘360.000c' 

35.32 

0.2456 

359.9912 

^ 36.12 

0.2353 

359.9998 

36. oa 

0.2353 

359.9907 

. ' 36.87 

0.2201 

^360.0000 

36.83 

0.2201 

359.9907 

37.63 

0.2049 

360.0000 

37.58 

0.2050 

35V.9907 

36.38 

0.1904 

360.0000 

36.33 

0.1904 

359.9907 

39.13 

0.1756 

360.0000 

39.08 

0.1759 

359.9907 

39.88 

0.1619 

360^0000 

39.83 

0.1619 

359.9910 

40.64 

0.1479 

360.0000 

40.59 

0.1480 

35V.9910 

41.39 

57T3"46 

360.0000 

41.34 

0.1346 

359.9910 

42.14 

0.1213 

360.0000 

42.09 

0.1213 

359.9912 

42.89 

0.1091 

360.0000 

42.84 

0.1092 

359.9915 

^-A3.il65- 

0*0970 

_3AO.DDOO,„ 

43.59 

0.0970 

359.9917 

44.40 

0.0855 

360.0000 

44.34 

0.0855 

359.9919 

--A5-.I5. 

0.0740 

360.0000 

45.10 

0.0740 

359.9922 

45.90 

0.0637 

360.0000 

45.55 

0.0637 

359.V924 

-W-46 * 6b 

0.05:»‘« 

0.0000 

46.60 

0.0554 

5©V.99: i 

47.41 

0.044i 

0.0000 

47. 

0.044^ 

359, , 

4*5,16 

0.0:>5^ 

o.cooc 

hH.iO 

0.03 52 

j8v.9*'^7 

46.01 

r.6772 

O.OOOO 


0.0273 

jjSv.Sv*.* 

49.67 

O.CICm 

0.0030 

44^ 

0.O1V4 

39V.9V«i 

50.97 

0.013J 

0.0000 

50. jifc 

0.0133 

359- 941 ♦, 

^1.17 

0.007. 

O.OOOG 

i 1. 

0.007^ 

: 

51.92 

o.co:-e 

o.ocoo 

51.8b 

0.00^6 

J59.997- 
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Table 7.1-6 

■f/30 MTF AT GRID POINT B 


OTA ♦ F/30 
THETAx 0. 

RILAY^ 

0 t>Eb. 

Phjx 0. 

010 DEO. 

o F «.U 


yUVEN OR CALCULATID FOCAL PLANfc AT 

0.2*5095200 

03 CH. 


^CAL SHjFTx 

0.0 

CM* 

RESULTANT 

FOCAL POSITIONS 0.2*5095201 

FREC 

HTF(X) 

THASt IX) 

FREU, 

MTF(Y) 

PHASE CY>- 

0.0 

1.0000 

0.0 

0.0 

1.0000 

0.0 

■ 0*T525 

0.969* 

0.0000 

0.7515 

0.9703 

0.0011 

1.50f» 

0.9390 

0.0000 

1.503 

0.9*0b> 

0.00*3 

2,257 

0.9086 

0.0001 

2.255 

0.9112 

0.009b 

'3,0X0 

0.8781 

0.0002 

3.006 

0.8815 

0.0172 

3.762 

0.6*76 

0.0003 

3.758 

0.8519 

0-027i 

A. 515 

0.6172' 

0.0003 

4.509 

0.8222 

0.0*0* 

5.267 

0.7873 

0.0003 

5.261 

0.7925 

0.0567 

6.020 

0.757<, 

0.0003 

6.012 

0.7626 

0.07bi 

►6.772'” 

0.7276 

0.0003 

6.76* 

0.7331 

Ci.lOo* 

7.525 

0.6977 

0.0003 

7.515 

0.70*0 

0.1277 

‘ 8.277 

. 0.6676 

0.0003 

e.267 

0.67*9 

0.1599 

9.030 

0.6360 

0.0003 * 

9.019 

0.6*59 

0.1973 

9.782 

0.6093 

0.0003 

9.770 

0.6175 

0.2*05 

10-53 

0.5807 

0.0003 

10.52 

0-5697 

o';2bo7 

•11'. 29 

" 0.5526 

0.0003 

11.27 

0.5t»20 

0.34*1 

12.0^ 

0.52*e 

0.0003 

12.0^ 

0.53*3 

0.407V 

12'. 79 

0.*97^ 

0.0003 

12.76 

0.50o7 

0.46U 

13.5* 

0.*695 

0.0003 

13.53 

0.4791- 

0-5651: 

1*.30 

n.**25 

0.P003 

14.26 

0.*5*l 

0-60&2 

15.05 

0.4156 

0.0003 

15.03 

0.*3l* 

0.5761 

15. £0 

0.3b9* 

D.OOOj 

15. 7L 

0-4.1 12 

0.4910 

16’. 55 

0.365>t 

0.0003 

16.53 

0.3923 

0.3*01 

17.31 

0.3*9. 

0.0003 

17.29 

0.37*0 

0.15K: 

18.06 

0.335* 

0.0003 

18. 

0.35L7 

35v.‘96rb 

18.61 

0-3253 

0.0^02 

lb -7* 

0.3*5V 

359.b511 

19.56 

0.317C 

0.0003 

19.5*. 

0 -334»9 

359.713* 

20.32 ‘ ” 

0.312L 

0.0002 

20.29 

0.3252 

359-5L30 

21.07 

0-30v7 

0.000^ 

21-0* 

0.3186 

359-*b07 

21.62 

0.3073 

0.0002 

21.79 

0.3116 

359.3669 

22.57 

0.30*i 

0.0001 

22.55 

0.3069 

359.2371 

"23.33 


O.OOOi. 

23.^0 

0.3032 

359.12*0 

2^.06 

0.302* 

0.0002 

24.05 

0.2996 

' 359-00*.fc 

2* .“83 

0.3011 

0.0002 

Z*.fcO 

0.2966 

35t.9067 

25.56 

■0.2990 

0.0002 

25.55 

0.2935 

356.8035 

26-3* 

0-Z9«7 

0.0002 

26-30 

0.2905 

350.72*1 

27.09 

0.297* 

O.OOO^I 

27.06 

' 0.267* 

35L,6h1* 

27.6* 

0.2956 

0.0002 

27.81 

0.2837 

358.5b23 

28.59 

0.2931 

0.0002 

28.56 

0.2801 

35'L.522 0 

29.35 

0-2V13 

0.0002 

29.31 

0.2770 

358 .*626 

30.10 

0.2«82 

0.0002 

30.06 

0.2733 

35b-*2S0 

■- 30.85 

0.2L57 

>0.0002 

30. bl 

0.2702 

35b. 398* 

31.60 

0.2820 

0.0002 

31-57 

0-2659 

356.366.: 

32‘.36 

0.2777 

0.0002 

32.32 

0.2610 

358.36*3 

33.11 

0.2722 

0.0002 

'33.07 

0.25*9 

358-3626 

33.86 

0.265* 

*0.0002 

.33.82 

0.2*87 

356.3977 

-3*. 61 

0.2Sb6 

0.0002 

34.57 

0.2*20 

358.4072 

35.37 

"0.2*9* 

*0.0002 

35.32 

0.23*0 

35b.52*< 

36,12 

0.237t 

.0.0002 

36.07 

0.2236 

358.7273 

36 . 67 

0.2215 

0*0002 

36.63 

' 0.2126 

33b .692 1> 

37.62 

0.2072 

0.0001 

37.5b 

' 0.2011 

359.0503 

38.38 

0.1*925 

0.0000 

38.33 

' 0.1901 

359.2371 

39.13 

. 0.1778 

0.0000 

39.08 

0.1773 

359.3333 

39.86 

0.1637 

0.0000 

39.63 

0.1633 

359.3213 

40.63 

0.1*97 

0.0000 

**0.5B 

0.1*93 

359.3091 

*1.39 

0.1362 

'o.oooo 

*1.3* 

0.X359 

359.2971 

*2.1* 

' 0. X2L7 

a.oooo 

*2-09 

0.122* 

359.2b5< 

' *2.89 

0.110* 

0.0000 

*2-b* 

O.llO*^ 

359.2 7-.*. 

*3.6<* 

0.09t* 

0.0000 

*3.: V 

o.o*to 

359.2c a7 ^ 

** 

0.086* 

O.UOOC 

**♦ • ->•* 

0 - 08 6** 

369-25 0.. 

*‘‘.15 

' 0.07*-« 

C.CrOOO 

*.5.0*- 

O.OT'.c 

359. 2 3-. r 

*5.*0 

o.06*.r 

OiOOOD 

*•5. OH 

0 . OO VH 


*6.< 5 

0. 05^-0 

O.OOOu 

**6. 60 

O.OShO 

.559.2 


0.0^-; 

0.0000 

*?..-5 

0.0**t 


*e.i< 


ovoooo 

*8.10 

0.0356 

.^59 • I*--.* 

*8.91 

0.727f 

3o0.0000 

*0-89 

0.0276 

3*v‘- . IcT* 

**.6( 

0.0197 

^oO.OOOC 

* 4 • oO 

0.01*t 


50. *1 

0.01^5 

36p.0CC0 

60.3* 

0.0135 

359, 1 c 

51.17 

0.007* 

360.0000 

:?i.ii 

0.007* 

35H.1SO* 

51.92 

. 0-OD^7 

•}60.0C0li 

51.86 

0-0037 

359.1*0* 
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Table 7 . 1^7 

fl 30 MTF AT GRID POINT A* 


DTA ♦ F/>0 KlLAt 
THETAe 0*0 OE.G* 


PHI= 0.011 DLG. 


c 1 F.<U 



OUA-UTY 


jCJVbK OR CALCULATED FOCAL PLANE AT 

0.24S09520U 

03 CH. 



0.0 

CM. 

RESULTANT 

FOCAL ?usn 1UN=- 0.245095201 O: 

FREQ • 

HTFIX) 

PHASE IX) 

FREO 

HTFIY) 

PHASE! Y) 

„D.O 

1.0000 

0.0 

0.0 

1*0000 

b-0 

0.7525 

0.96bb 

0.0000 

0.7516 

0.9700 

35V. 9949 

1.505 . 

. .0.9377 

JO, 0002 , 

..1-503 

0.9400 

359.99-1 

2.257 

0.9066 

0.0003 

2.255 

0.9098 

359.9980 

JL^OIO 

0.8754 

0.0003 * 

3.006 

0.8796 

0.007V 

3*762 

0.6442 

0.0003 

3.758 
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7.2 FIELD CURVATURE 


At each grid point in the image field, peak MTF was found' by shifting focus. 
Plotting the focus shift corresponding to peak MTF against field height gave 
graphs of field curvature. 

Field curvature for the //12.88 relay is shown in figure 7.2-1. The values of 
peak MTF are given along the curved image surface. MTF values along the best- 
compromise focal plane are also given. The tilted configuration of the OTA + 
relay caused the image field to be tilted in the meridional plane. 



I I I 


I I I I 


I I I I I j-1 


j_j 


-600 -400 -200 0 200 400 600 


600 -400 -200 0 200 400 600 


FOCUS SHIFT - HICRONS 
MERIDIONAL PLANE 


FOCUS SHIFT- MICRONS 
SAGITTAL PLANE 


FIELD CURVATURE AND MTF AT POINTS ON THE CURVED IMAGE 
SURFACE AND ON THE REFERENCE FOCAL PLANE OF f/12.88 RELAY 

Figure 7,2-1 
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Figure 7.2-2 shows field curvature for the //30 relay. The magnitude .of field 
curvature for the f/30 is about the same as that for the f/12.88 relay. -How- 
ever, the MTF loss for the //30 relay is much less because its higher /-number 
increases the depth of focus. 



I I I I I I I I I I I t I 

-600 -400 -200 0 200 400 600 
FOCUS SHIFT - MICRONS 

MERIDIONAL PLANE 



FOCUS SHIFT - MICRONS 
SAGITTAL PLANE 


FiaO CURVATURE AND MTF AT POINTS ON THE CURVED IMAGE 
SURFACE AND ON THE REFERENCE FOCAL PLANE OF f/30 RELAY 

Figure F. 2-2 

7.3 GEOMETRIC SPOT DIAGRAMS 

Computer program BFLT5 was used to generate the spot diagrams. A 20 x 20 array 
of rays entered the lens. The intercepts of these rays at the focal surface 
(CCD detector) were plotted as individual spots. The entire pattern of spots 
is the spot diagram. These spot diagrams show the effect of geometric aberra- 
tions on image quality, but ignore diffraction effects. 


Figures 7.3-1 through 7.3-5 show spot diagrams for the //12.88 relay. For com- 
parison, the core (airy disk) of an aberration-free //12.88 diffraction spread 
function is also given. 
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//12.88 SPOT DIAGRAMS 

Figure 7. Z-2 
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Figure 7.3-4 
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Spot diagrams for the f/30 relay are shown in figures 7.3-6 through 7.3-10. 

For this high /-number system, the airy disk is much larger than the geometric 
spot diagrams. This relay, therefore, has near diffraction limited performance. 
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7.4 POINT SPREAD FUNCTIONS 


Diffraction-based point spread functions (PSF) were generated by the combination 
of computer programs BFLT5 and BFLTA. Program BFLT5 ray traced the OTA + relay 
optical system and produced two data arrays. The "existence array" defines the 
shape of the diffracting aperture {exit pupil) by assigning the value 1 to each 
ray that passes through the exit pupil and assigning the value of zero to each 
blocked ray. The "OPD array" defines the contour of the wavefront in the exit 
pupil in terms of optical pathlength difference (OPD) along each ray. These two 
arrays, for each. combination of field angle and focus shift, were then recorded 
on magnetic tape. 

After reading the magnetic tape, program BFLTA generated the complex pupil func- 
tion by combining the existence array and the OPD array. The pupil function, 
contained in a 32 x 32 array, was then inserted into a larger 256 x 256 "trans- 
form array". After performing a Fast Fourier Transform (FFT) of this array and 
multiplying the result by its complex conjugate, the. two-dimensional point 
spread function was produced. 

Point spread functions for the //1 2.88 relay are shown in figures 7.4-1 through 
7.4-10. For grid points A, E, and G, the spread functions are plotted in both 
the radial and tangential directions because these spread functions are not ro- 
tational ly symmetric. Each spread function plot also shows the effect of focus 
shift. 

Relative intensity of the spread function peak, if it were aberration free, is 
also indicated on each plot. The ratio of peak relative intensity of the aber- 
rated spread function to the aberration-free peak is called the Strehl Ratio. 
This ratio is often used as a figure of merit for optical systems. The Strehl 
criterion states that an image is near diffraction limited if its Strehl ratio 
exceeds 0.8. 
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//12.88 RELAY POINT SPREAD FUNCTION 
Fi-gwe 7.4^1 



f/12.88 RELAY POINT SPREAD FUNCTION 
■Figure 7,4-2 
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//12.88 RELAY POINT SPREAD FUNCTION 


F-iguve 7.4-3 





//12.88 REliAY POINT SPREAD FUNCTION 
Figure 7,4-4 
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//12.88 RELAY - POINT SPREAD FUNCTION 

Figwpe 7. 4-5 



•//12.88 RELAY - POINT SPREAD FUNCTION 

Figure 7,4-6 
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//12.88 RELAY - POINT SPREAD FUNCTION 

Figure 7,4-7 
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DISTAHCC - MICRONS 


//12.88 RELAY - POINT SPREAD FUNCTION 

Figure 7,4-8 
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Strehl ratio values (for zero focus shift) are shown on the PSF plots for each 
performance grid point. These values show that, except for the corners, dif- 
fraction limited performance is achieved over the //12.88 relay field. The 
//30 relay is diffraction limited over its entire field. 

The PSF's for the //12.88 relay are given in figures 7.4-1 through 7.4-10 and 
those for the //30 relay are given in figures 7.4-11 through 7.4-17. 



f/30 RELAY - POINT SPREAD FUNCTION 
F-igiaee 7.4-11 
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//30 RELAY - POINT SPREAD FUNCTION 
F-iugre ?.4~12 



fm RELAY - POINT SPREAD FUNCTION 
Figure 7^4~l3 
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//30 RELAY - POINT SPREAD FUNCTION 


Figure 7,4-14 





f/30 RELAY - POINT SPREAD FUNCTION 
Figure 7,4-15 
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OISTAHCE - MICRONS , 

f/30 RELAY - POINT SPREAD FUNCTION 
Figvope 7.4-16 



f/30 RELAY - POINT SPREAD FUNCTION 
, Figure 7.4-17 
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7.5 ENCIRCLED ENERGY 


Encircled energy data were generated by computer program BFLTA. For each spe- 
cified radius, the integrated energy was found by summing the values of inten- 
sity, point by point, over the enclosed portion of the two dimensional point 
spread function. 


The encircled energy diagrams for the //12.88 relay are given in figures 7.5-1 
through 7.5-7. 


The //30 relay is so well corrected that the encircled energy diagrams for all 
the grid points are nearly identical. In figure 7.5-8, the plot for grid point 
C is given. This plot is typical of all the grid points. 


//12.88 RELAY - ENCIRCLED ENERGY 
Figvtre ?.S~2 


OF POOR QUALITY 
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RELATIVE INTEGRATED ROWER 
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RELATIVE IHTCGRA7ED POWER 
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REUTIVe INTEGRATED POWER 


FOCUS SHIFT 


//12.88 RELAY - ENCIRCLED ENERGY 
F-igwe 7»S-6 




In 


SRIO POIMI S (FULL FJEtO) 


SADIW. DISTAHCI - HICRONS 


//12.88 RELAY - ENCIRCLED ENERGY 
Figvace 7.5-7 


10 . 15 20 
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TDTAL 



•//30 RELAY - ENCIRCLED ENERGY 
F-igw?e 7.S-8 


7.6 GEOMETRIC DISTORTION 

Computation of geometric distortion has been based upon the expression: 

% Ost = 100 {Y-y)/y where % Dst is distortion expressed as a percent of the 
paraxial image height y. This image height is the radial distance between a 
specified image point on the relay optics focal plane and the on-axis point 
on that plane. The change in chief ray intercept height, y, is derived by 
exact trigonometric ray trace. The change in paraxial image height, y, can 
also be given by the following expression: 

y = / tan 0 
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where 0 is the change in the input field angle and f is the focal length of the 
overall system consisting of the OTA optics plus the camera relay optics. This 
focal length has been calculated by means of a paraxial ray trace of the opti- 
cal system. It should be noted that the effect of image distortion is angular 
pointing error. A star at a field angle of e will appear to be at an angle of 
0 + A0. The angular error can be expressed as follows: 

tan (A0) = ^ (i) . 
where D = Dst/lOO 

The geometric distortion calculations are summarized in tables 7.6-1 and 7.6-2. 


Tcdfte 7.6-1 

GEOMETRIC DISTORTION - //12.88 RELAY 
(f = 3091.0 cm) 


Grid 

Point 

(Degree) 

Y 

(cm) 

y 

(cm) 

Dst 

A0 

(Arc Second) 

A 

0.015816 

0.854896 

0.853244 

+0.194 

0.110 

B 

0.007908 

0.426959 

0.426622 

+0.079 

0.022 

C 

0 

0 

0 

- 

- 

D 

0.007908 

0.426596 

0.426622 

-0.006 

-0.002 

E 

0.015816 

0.853436 

0.853244 

+0.023 

0.013 

F 

0.007908 

0.426780 

0.426622 

+0.037 

0.010 

G 

0.015816 

0.854191 

0.853244 

+0.111 

0.063 
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Tcdite 7.G-?. 

GEOMIITRIC DISTORTION - //30 RELAY 
(/ = 7200.6 cm) 


ORIGINAL rAGE 
OF POOR QUALITY 


Grid 

Point 

4) 

(Degree) 

Y 

(cm) 

A 

0.0067556 

0.849387 

6 

0.0033778 

0.424548 

C 

0 

0 

D 

0.0033778 

0.424392 

E 

0.0067556 

0.848761 

F 

0.0033778 

0.424470 

G 

0.0067556 

0.849078 


y 

Dst 

AO 

(ct) 


(Arc Second) 

0.849005 

+0.045 

0.011 

0.424502 

+0.011 

0.001 

0 

- 

- 

0.424502 

-0.026 

-0.003 

0.849005 

-0.029 

-0.007 

0.424502 

-0.008 

-0.001 

0.849005 

+0.009 

0.002 


7.7 VIGNETTING 

Image irradiance will fall off with increasing distance into the field due to 
vignetting and the "cosine- fourth power law." Vignetting is determined by 
tracing an array of rays through the optical system where each ray represents 
a fraction of the radiant power entering the lens. At each specified field 
point on the relay lens focal plane, the incident optical power T is related 
to the input optical power To by the expression: 


(T/To) = (R/3234) 

where R is the number of unvignetted rays traced. The relative image irradi- 
ance is directly proportional .to the relative transmittance and can be found 
by the expression: 


(H/Ho) = (T/To) cos^Q 

4 

where cos 0 is the geometric irradiance fall-off factor with 0 the slope angle 
of the chief ray at the relay exit pupil. The vignetting calculations are 
summarized in tables 7.7-1 and 7.7-2. 
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Table 7.7-1 

RELATIVE IMAGE IRRADIANCE - //12.88 RELAY 


Grid 

Point 

R 

Number 

(T/To) 

cos^(O) 

(H/Ho) 

A 

2968 

0.9177 

0.9966 

0.9146 


3062 

0.9468 

0.9984 

0.9453 

B 

3132 

0.9685 

0.9992 

0,9677 

c; 

3234 

1.0 

1.0 

1.0 

D 

3132 

0.9685 

0.9992 

0.9677 

E* 

3066 

0.9481 

0.9984 

0.9465 

E 

2968 

0.9177 

0.9967 

0.9147 

F 

3128 

0.9672 

0.9991 

0.9664 

G* 

3059 

0.9459 

0.9984 

0.9444 

G 

2958 

0,9147 

0.9966 

0.9115 



Tdble^ 7. 7^2 




RELATIVE IMAGE 

IRRADIANCE - 

f/30 RELAY 


Grid 

Point 

R 

Number 

(VTo) 

cos^(O) 

(H/Ho) 

, A 

3172 

0.9618 

0.9991 

0.9610 

B 

3256 

0.9873 

0.9998 

0.9871 

C 

3298 

1.0 

1.0 

1.0 

D 

3257 

0.9876 

0.9998 

0.9874 

E 

3174 

0.9624 

0;9991 

0.9616 

F 

3256 

, 0.9873 

0.9998 

0.9871 

G 

3172 

0.9618 

0.9991 

'0.9610 




7.8 SENSITIVITY ANALYSIS 


This section evaluates the sensitivity of the WF/PC relays to manufacturing 
variations. The study shows that the back focal distance of the relay is 
very sensitive to changes in primary mirror and secondary mirror vertex radii 
of curvature. ■ This potential focus error can be removed, however, by axial 
adjustments of the CCD detector location, primary- to-secondary mirror spacing, 
and pyramid positon. 


Decenter and tilt of the relay secondary mirror with respect to its primary 
mirror produces field tilt, coma, and astigmatism. These alignment errors are 
analyzed in this section in terms of MTF degradation. 


7.8.1 Radius of Curvature Tolerances 


Focus shift is the consequence of radius of curvature errprs. The amount of 
focus shift is given by the following expression: 


■ where: 


ABF = r. 


r„ t^ + (r + 2 t ) t 
p 0 p o p 

F - 2 t )( r„ + 2 t.) - 2 r^ t““ 
s p ' ' p 0 P 0 


- r. 


*0 * ('■p * 2 (1-Rp))t 


fr - 2 t (1-R jl /r^ + 2 t (1-R,)) - 2 R^ t (1-R J 
s p s y ^ p 0 p y p 0 s 


( 1 ) 


ABF = focus error 

rp = primary mirror radius of curvature 
r^ = secondary mirror radius of curvature 
t^ = object distance (OTA image - primary mirror) 
tp = primary-secondary mirror spacing 


= (4rj/r^)/(l + 
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(ir /r ) = relative primary mirror radius error 

r r 

(Ar^/r^) - relative secondary mirror radius error 


A second effect of radius -errors is a change in image maanification. 

Both focus error and magnification error can be compensated during assembly 
buildup by adjusting the axial location of the CCD detector -and the primary 
mirror to secondary mirror spacing. 


The mirror-tQ-mirror spacing adjustment (Atp) is: 


''tp " »p f'-p * 2 ‘o> ^ ‘o <’'p "s - '■s "p’ . t 


U-V (>-p ^ 2 *0 '1-vl 

I ' 


( 2 ) 


And the change (At^) in detector axial position is; 






’"c ( (»'n + 2 t )' A t„ - 2 t^ (t„ + At„) R 

sl'p 0' p ,o p P P 


(>-p + 2 t„) ( - 2 y -2rpt„ 


Ptp (3) 


7.8. 1.1 f 712. 88 Relay Radius of Curvature Tolerances - A tight but reasonable 
radius of curvature tolerance is ± 0.5 percent. For the primary mirror this 
yields a radius specification of 40.57 ±0.20 cm. The secondary mirror radius 
specification is 28.55 ± 0.14 cm. 


The back focus variation caused by these radius tolerances is found from 
equation (1). Evaluating this expression for the //12.88 relay gives: 


ABF = 


149753 r 104950 (1-Rp) 


[32.518 (1-Rg) +28.546] ,[226.122 (l-Rp)-40.5662"j -9172.91(1-8^) 


-20.7626 
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The worst-case condition occurs when the radius errors for the two mirrors have 
opposite signs. 

Let 

Arp/rp = + 0.005 (+0.5%) 

Ar^/r^ = - 0.005 (-0.5%) 

Then 

R = + O'. 004975- 
P ■ 

= - 0.005025 
And 

ABF = 1.10 cm. 

Thus, the back focal distance may be anywhere within ± 1.10 cm from its 
design value when the radius tolerance is ± 0.5 percent. 

Focal length and focus can be restored by adjusting the primary-secondary 
mirror spacing and the axial position of the detector us-jng equations (2) and 
(3). Evaluating these equations for the //12.88 relay gives; 

3016.95 - 4586.46 R + 3227.44 R„ 

At = i L, -16.2590 

P ' (1-R^) '226.122 (1-Rp) - 40.5662; 

At^ = 2.99132 R (16.2590 + At ) - 3.45468 At 
0 . P P P 

The required adjustment ranges are calculated from the above expressions. 

Based upon the 0.5 percent radius tolerance: 

*At^ = +0.2284 cm 
P 

Atp = -0.5435 cm 

Thus, the secondary mirror needs an assembly buildup adjustment range of 
± 0.23 cm and the detector needs an assembly buildup adjustment range +0.55 cm. 
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If vertex radius could be measured perfectly, the radius errors of the 
manufactured parts would be known exactly, then these exact values could be' 
used in the preceding equations ,to predict the required amounts of adjustment. 

The computer math model was used to verify this analysis. The model was 
perturbed as follows: 

1. The primary mirror radius of curvature was increased 
from 40.5662 cm to 40.7690 cm (+0.5%). 

2. The secondary mirror radius of curvature was decreased 
from 28.5462 cm to 28.4035 cm (-0.5%). 

3. Spacing between primary and secondary mirrors was 
increased by 0.2284 cm to re-establish the focal- length 
(magnification). 

4. The detector was moved 0.5435 cm toward the primary 
mirror to re-establish focus. 

5. MTF of this perturbed system was calculated at three 
grid points and compared with unperturbed values. 


Table 7.8..1-1 

RADIUS PERTURBATION COMPARISON 


Grid 

Point 

Perturbed 

MTF 

Unperturbed 

MTF 

Image Height 
Change 

A 

.181 

.188 

0.2y 

c • 

.356 

.354 

O.Oy 

E 

.332 

.336 

0.2y 
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The perturbed- MTF values are very close to the unperturbed values. The 
adjustments, therefore, corrected the focus shift caused by the radius errors. 
Magnification was also compensated by these adjustments as indicated; 
image height changed by only 0.2 microns.' 

From a practical standpoint, however, there is always a measurement error 
where: 


(actual) = ^measured) ± ^ (error) 

Thus, the adjustment values calculated from measured data, — (measured), 
are only approximate. After applying these adjustments, a residual focus 
error will remain due to the measurement error ^ (error). 

A tight but reasonable accuracy requirement for the radius measurement 

equipment is +0.1 percent. Inserting this value (Ar /r = + .001, Ar /r =-.001) 

p p s s 

into equation (1) gives the amount of residual focus error at the detector: 

ABF = ± 0.2133 cm 

In summary, a vertex radius tolerance of 0.5 percent was specified. This tolerance 
determined the assembly buildup adjustment ranges. The manufactured mirrors 
would be measured with equipment having a measurement accuracy of 0.1, percent. 
Adjustments in the axial positions of the secondary mirror and detector would 
then be made during assembly buildup, based upon these measured data. Because 
of measurement error, however, these adjustments are not perfect and a 
residual focus error, in .the range of ±0.22 cm., remains . 

This residual focus error- can only be removed by an in-process optical test. 

The WF/PC cannot be assembled to the required accuracy by tight tolerances 
and mechanical measurements alone. ' The final focus adjustment must be done 
optically. 
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7. 8. 1.2 //30 Relay Radius of Curvature Tolerances - Evaluation and 
conclusions for the //30 relay are the same- as those described above. In 
summary, for this relay: 

167084.6 - 130592.9 {1-R ) 

P - 37.5967 

{49.294 (1-R ) + 23.433)(226.114 (1-R^)-51 ,7800) -1170818(l-Rj 
' s p s 

4296.81 - 5854.09 R + 2649.26 R _ 

= E__ -24.6470 . 

(1-Rg) (226.114 (1-Rp) - 51.7800) 

,At = 5.45899 R (24.6470 + At ) - 4.20889 At 

H r r 

Based upon a 0.5, percent radius tolerance for the primary and secondary mirrors, 
the secondary mirror will need a ± 0.29 cm adjustment range and the detector will 
need a ± 0.51 cm adjustment range. 

Also, based upon a radius measurement accuracy of 0.1 percent, the residual 
focus error at the detector after the adjustments are made will be in the range 
of ± 0.92 cm. 

7.8. 1.3 Pyramid Facet Radius of Curvature Tolerance - Each pyramid facet is 
a concave surface of '306.-8400 cm radius. This surface radius was increased 
0.5 percent and evaluated. The optical math model showed no significant change 
in MTF. A radius tolerance of 0.5 percent for this surface, therefore, is 
appropriate. 


7.8.1-.4 Primary - Secondary Mirror Spacing Tolerance - A perturbation (At ) in 
spacing between the relay primary and secondary mirrors causes focus shift 
(aBF) at the detector as given in the expression: 

ABF = -(M^ + 1) Atp (4) 


ABF = 
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where: 


(5) 


M = 


i"s 


(rp + 2 


+ 2 t„)(r, - 2 
0 ^ p O S 


‘p> 


2 t„ >•„ 

0 p 


rp = primary mirror radius of curvature 
r^ = secondary mirror radius of curvature 
tg = object distance (OTA image *• primary mirror) 
tp = primary-secondary mirror spacing 


Design values for the //12.88 are: 

r = -40.5662 cm 
P 

r^ “ -28.5460 cm 
t^ = 113.0610 cm 
tp = 16.2590 cm 


Evaluating equations (5) and (4) gives: 


M = 2.454679 
aBF = -7.025449 At 

P 

•In the previous section,' it was shown' that a 0.1 percent error in the knowledge of 
vertex radii would cause a residual focus error of ±0.22 cm. Inaccuracy 
(a tp) in setting the mirror-to-mirror. spacing causes an additional focus 
error. Since this total residual error is removed later during an optical 
test, an extremely tight spacing tolerance is not necessary; however, the 
error caused by this tolerance should- be much less than ± 0.22 cm if possible. 

The above equation shows that a spacing tolerance of ± 0.003 cm produces a 
focus error of ±0.021 cm. These values seem to be reasonable, so a spacing 

tolerance of ±0.003 cm is suggested. 

.As described in the previous section, this tolerance applies to a nominal 
spacing which is not a fixed value, but depends upon the measured primary and 
secondary mirror radius of curvature error. 
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Design values for the //30 relay are: 

‘ r = -51.7800 cm 
P • 

r = -23.4330 cm 
s 

t = 113.0570 cm 
0 

t = 24.6470 cm 

P 

Evaluating equations (5) and (4) gives: 

M = 4.208885 
aBF = -18.714713 

Applying the same tolerance (+0.003 cm) as that suggested for the //12.88 
relay, the above equation give a resultant focus error of + 0.056 cm. This 
error is much smaller than the ± 0.92 cm error caused by uncertainty in the 
vertex radius measurements. This tolerance of ±0.003 cm, therefore, is 
suggested for the spacing between the //30 primary and secondary mirrors. 

7.8. 1.5 Secondary Mirror Decenter and Tilt - The computer math model was 
used to calculate relative change in MTF caused by secondary mirror 
misalignment. Figures 7-.8.1.'5-l through 7. 8. 1.5-8 describe the sensitivity 
of MTF to decenter and tilt of the relay secondary mirror -with respect to 
a fixed primary mirror. 
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1.05 



1.0 - 0.5 0.5 1.0 

. . 0.95 

0.90 

'GRID POINT C 




RELATIVE GEOMETRIC MEAN MTF RELATED TO //12.88 
RELAY SECONDARY MIRROR DECENTRATION 
(DECENTER, .IN SAGITTAL PLANE, GIVEN IN' MILLIMETERS) 

Figure 7* 8^1^ 5-1 




RELATIVE GEOMETRIC MEAN MTF RELATED TO //12.88 
RELAY SECONDARY MIRROR DECENTRATION 
{DECENTER, IN MERIDIONAL PLANE, GIVEN IN MILLIMETERS) 

Figure ?, 8, 1.5-2 
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RELATIVE GEOMETRIC MEAN MTF RELATED TO f/30 
RELAY SECONDARY MIRROR DECENTRATION 
(DECENTER, IN MERIDIONAL PLANE, GIVEN IN MILLIMETERS) 

Figure 7. 8. 1.5-3 ■ 



RELATIVE GEOMETRIC MEAN MTF RELATED TO f/30 
RELAY SECONDARY MIRROR DECENTRATION 
(DECENTER, IN SAGITTAL PLANE, GIVEN IN MILLIMETERS) 

• Figure 7, 8. 1, S-4 
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RELATIVE GEOMETRIC MEAN MTF RELATED TO SECONDARY MIRROR TILT 
(TILT GIVEN .IN ARCMINUTES) 

(ROTATION AXIS IS NORMAL TO THE MERIDIONAL PLANE 
AND TANGENT TO THE MIRROR VERTEX) 

F-tgure 7. 8. 1.5-5 


- 

- 1.05 
100 

r 1 ‘ 1 — 1 — 

- ^ ^ -I 1 

12 -6 

6 12 

- 

- 0.95 


- 0.90 


' GRID POINT C 




//12.88 RELAY 

RELATIVE GEOMETRIC MEAN MTF RELATED TO SECONDARY MIRROR TILT 
(TILT GIVEN IN ARCMINUTES) 

(ROTATION AXIS IS NORMAL TO THE SAGITTAL- PLANE 
AND TANGENT TO THE MIRROR VERTEX) . 

Figure 7. 8. 1.5-6' 
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f/3Q RELAY 

RELATIVE GEOMETRIC MEAN MTF RELATED TO SECONDARY MIRROR TILT 
(TILT GIVEN IN ARCMINUTES) 

(ROTATION AXIS IS NORMAL TO THE MERIDIONAL PLANE 
■ AND TANGENT TO THE MIRROR VERTEX) 

Figure 7.8.1. 6-7 



f/30 RELAY • 

RELATIVE GEOMETRIC MEAN MTF RELATED TO SECONDARY MIRROR TILT 
(TILT GIVEN IN ARCMINUTES) 

(ROTATION AXIS IS NORMAL TO THE SAGITTAL PLANE 
AND TANGENT TO THE MIRROR VERTEX) 

Figure 7. 8.1. 5-8 
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7.9 BAFFLE REQUIREMENTS 


A preliminary baffle requirements study has been performed to assess the need 
for stray light suppression. Stray light suppression is achieved by first 
identifying critical surfaces which contribute significant stray light. The 
amount of stray light contributed by each critical surface can be suppressed 
by reducing the projected solid angle of this surface as seen by the CCD de- 
tectors, reducing the level of incident irradiance on the critical surface, 
and reducing the bidirectional reflectance distribution function (BRDF) for 
that surface. The projected solid angle of a critical surface can often be 
reduced to zero by removing or reorienting the surface, or by blocking the 
surface with a baffle. The OTA optics are well-baffled so that the source of 
potential stray light in WF/PC optics is image- forming light at the OTA focal 
surface. The incident irradiance on critical surfaces can, therefore, be 
minimized by the use of a well-designed field stop at the focal surface. The 
BRDF is the ratio of apparent brightness of the critical surface to the 
incident irradiance. The BRDF of a critical surface can be reduced by the use 
of matte black paint which absorbs stray light, glossy black paint which 
reflects the residual stray light into light traps, or vane structures which 
block the stray light. 

Assuming the OTA focal surface is "critically" baffled, no additional baffling 
is required (WF/PC focal surface is protected for image forming light only 
over the necessary WF/PC field of view). Assuming the OTA focal surface is 
not critically baffled , additional effective baffle locations have been deter- 
mined (figure 7.9-1). In the Wide Field Camera an additional ring baffle 
could be installed in the Cassegrain relay. Due to the geometry, a baffle 
is not needed at this location in the Planetary Camera. 
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OTA FOCAL SURFACE 
IS CRITICALLY BAFFLED 



ADDITIONAL EFFECTIVE BAFFLE LOCATIONS 

Figw?e 7^9-1 
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8.0 OPTICAL MANUFACTURABILITY ANALYSIS OF OPTIMIZED DESIGN 



8.0 OPTICAL MANUFACTURABILITY ANALYSIS OF OPTIMIZED DESIGN 


8.1 OPTICAL COMPONENT SPECIFICATIONS 

The inability of a manufactured optical surface contour to perfectly match the 
designed surface contour results in degradation of performance (wavefront error 
and scatter) of an imaging system. These surface deviations result in low spa- 
tial frequency figure error and edge roll-off, medium spatial frequency error 
surface ripple, and high spatial frequency surface roughness. For each optical 
element, performance levels for each of the three spatial frequency ranges 
should be specified and quantified. Shown in table 8.1-1 is a summary of the 
WF/PC optical component specifications. 

Table 8. 1~1 

WF/PC OPTICAL COMPONENT SPECIFICATIONS ■ 


Optical 
El ecnent* 

Aspheric Shape 

Angle of 
Incidence 

RMS Figure 
Quality 

(A) 

Auto- 

correlation 

Length 

RHS Surface 
Roughness 

Scratch/ 

Olq 

Radius 

Fab. 

Si)... 

Tolerance 

Test 

WFC PH 

General Asphere 
[1 Prolate Spheroid) 

Normal 

0.015 

0.125 

30 

20/5 

0.5 

0.1 

WFC SH 

General Asphere 
(: Hyperboloid) 

Hotmal 

0.015 

0.125 

30 

20/5 

* 0,5 

0.1 

PC PH 

Prolate Spheroid 

Normal 

0.015 

0.125 

30 

20/5 

0.5 

0.1 

PC SH 

Hyperboloid 

Normal 

0.015 

0.125 

30 

20/5 

0.5 

0.1 

Pyramid 

Spheroid 

9,1056° 

0.05 

— 

15 ' 

10/1 

0.5 

0.2 

Reflective 

Plano 

Surfaces 

Plana 

: 45° 

0.01 


30 

,20/5 



Refractive 

Plano 

Normal 

0.01 


30 

20/5 

— 

— 


Plano 

Surfaces 


8.1.1 Surface Quality 

Low spatial frequency information (between 0 and 20 cycles per pupil diameter) 
can be fully described on a reasonably sized optical pathlength difference 
(OPD) array (typically 41 by 41 points). The OPD information comes from the 
interferometric test data of the surface under test (see section 8.4). The 
out[3ut can be topographic maps of the optical surface, wavefront data in terms 
of peak-to-valley and rms wavefront errors, and optical aberration components 
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of the wavefront errors (i.e., Zernike circle polynomials). Since a real sys- 
tem must be manufactured to a practical set of fabrication tolerances, a figure 
of merit must be established which specifies quantitatively system, performance 
satisfying the overall system objectives. For an optical imaging device, the 
rms wavefront error is an excellent figure of merit (see figure 4.0-3). Once, 
the .figure of merit' is established it must be used to tolerance individual 
error contributors. Shown in figure 8. 1.1-1 is rms wavefront error versus the 
angle of incidence for a fixed surface (figure) error (i.e., at normal incidence 
tHe wavefront error is twice the figure error). Therefore, a specification on 
the rms figure error on the surface allows the common denominator of rms 
wavefront error to be used throughout the optical assembly buildup (unmounted 
optical component to optical system)'. For the imaging optics (Cassegrain PM 
and SM), an rms quality of 0.015 x has been specified. This- value constitutes 
a starting point for the optical tolerance budgeting (see section 8.5) and is 
considered state-of-the-art when compared with estimated manufacturing and 
testing capability. 



RMS WAVEFRONT ERROR VS ANGLE OF INCIDENCE 
(ASSUME SURFACE ERROR = 0.015 X RMS) . 

Figure 
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The pyramid mirror is a field lens in the optical system. (Note: If it is 

placed exactly at the focal point of the OTA, it has no effect on the image 
forming properties of the system but it bends the ray bundles, which would 
otherwise miss the two mirror Cassegrain, back toward the axis so that they 
pass through the Cassegrain.) Shown in figure 8. 1.1-1 is the effect on the 
wavefront degradation due to a variation in the angle of incidence from the 
normal. This angular deviation is approximately 9 degrees at the pyramid and 
produces a negligible effect on the rms wavefront error. Since the pyramid 
mirror does not affect the imaging properties of the system, a relatively 
loose figure error requirement of 0.05X rms has been imposed. 

The piano surfaces have been specified at a level of 0.01 X rms. It should 
be noted that the component test would be at normal incidence; however, the 
angle of the mirrors’ is at approximately 45 degrees in end use. Conversion 
from figure error to wavefront error for budgeting purposes will require the 
use of figure 8. 1.1-1. 

8.1.2 Ripple Error 

Medium spatial frequency (ripple error) information refers to surface errors 
with lateral dimensions, ranging from about 1/20 of the aperture to about 1/400 
of the aperture. These ripple errors could be caused by the polishing process, 
by the physical properties of the material being polished and, in some In- 
stances, by quilting of the surface due to substrate stiffness variations. For 
optics in which angles of incidence are near normal and wavelengths are in the 
visible range, ripple-type errors can usually be ignored if their magnitudes 
are small compared to the magnitudes of the figure errors. For wavelengths 
in the ultraviolet, the OTA specification quantifies the medium spatial 
frequency content by the autocorrelation length (c 5-0.125). The same 
requirement is used for the imaging optics (primary and secondary mirrors) in 
the WF/PC optical assembly. 


127 

EASTMAN KODAK COMPANY * 901 ELMGROVE ROAD • ROCHESTER. NEW YORK 14650 



8.1.3 Surface Roughness 


The resultant effect of the high spatial frequency content on an optical surface 
is scattering (veiling glare), figure 8. 1.3-1. For optics with wavelengths in 
the near IR, visible, and UV the scattered light is due to mainly micro -irregu- 
larities (large variations in surface roughness). This high frequency micro- 
structure is too fine for a deterministic analysis and must be treated statisti- 
cally. An rms surface roughness specification is useful. 

For the OTA, no scattering or veiling glare requirements are directly imposed. 

It is expected that to meet the low light level requirements, the veiling glare 
must be no greater than one percent. This implies a surface roughness on the 
order of 50 angstroms (rms). Experimental results have shown that good optical 
polishing practices will yield surface roughness values of this level with a 
high degree of confidence without measurement verification. For the primary 
and secondary mirrors a requirement of 30 A rms has been Imposed. (This value 
is sometimes used as the threshold of superpolishing and would require measure- 
ment verification with a device such as a FECO interferometer.) 
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8,1.4 Scratches, Digs and Particulate Contamination 

For optics with wavelengths in the far IR, the scattered light is due mainly to 
large scale macro-irregularities (scratches, digs, pits). In this domain a 
scratch/dig requirement is useful. Specification for scratch/dig is based on 
MIL-0-13830A. According to this specification, the scratch number is the maxi- 
mum allowable widthi.of a scratch in microns. The combined length of the heaviest 
scratches -shouldn't exceed 1/4 the lens diameter. The dig number is one tenth 
the maximum allowable diameter of a dig in microns. The permissible number of 
maximum size digs shouldn't be more than one per each 20mm of diameter or fraction 
thereof on any single optical surface. The sum of the diameters of all digs 
should not exceed twice the diameter of the maximum size specified. 


A scratch/dig specification of 20/5 has been set on the imaging optics. This 
scratch/dig level is considered extra precise but possible on this size optics. 

Since the pyramid mirror acts as a field lens, cosmetic features such as scratches 
and digs will be imaged directly onto the CCD detector. Assuming the spot image 
is no greater than one pixel (15 microns) the maximum width of ascratch or dig 
on the pyramid facet can be no greater than 27.9 microns for the Wide Field 
Camera and no greater than 12 microns for the Planetary Camera. This implies a 
worst case scratch/dig requirement of 10/1. This scratch/dig level is at or 
above reticle quality and has been included as a goal with a scratch/dig level 
of 10/5 specified as a requirement. Of additional concern on the surface of the 
■pyramid is particulate contamination.- Surface particles with diameters greater 
than 12 microns (under the above resolution assumptions) will be imaged directly 
onto the CCD. Cleanliness requirements (contamination control) for allowable 
airborne particles in the room and allowable surface particles during handling 
will have to be established. A specific detailed cleaning specification must 
be generated for processing the optics. 
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8,1.5 Radius Tolerance 


The inab.ility of a lens to be manufactured to the designed radius directly 
affects the lens focal length and can contribute to spherical aberration. For 
the Cassegrain primary and secondary mirrors, estimated manufacturing and testing 
capability yields a fabrication tolerance of 0.5 percent with a measurement 
tolerance of 0.1 percent. Also of importance is the degree of uncertainty in 
the radius mismatch when the components are combined into the Cassegrain relay 
(see section 7.8). This would cause a .residual focus shift and a resultant 
wavefront degradation if not compensated for by biasing the CCD detector plane 
during installation. 

For the pyramid mirror, radius changes have "little" effect since the Dvramid 

t 

mirror facet is extremely slow (//lOO). A fabrication tolerance of 0.5 percent 
is again assumed with a measurement tolerance of 0.2 percent. The latter value 

is based on a depth of focus uncertainty of X/10. 

For the piano surfaces, a tolerance on the radius is of little use. The method 
usually used is to specify the rnts figure error minus the power term and the 
power term separately in peak- to-val ley. For a figure error of 0.01 a rms, 

however (as specified in section 8.1.1), the figure error specification is - 
considered sufficient. 

8.1.6 Hi rror- Coating 

The mirror coatings have been specified as aluminum with a protective overcoat- 
ing of magnesium^fluoride (same coating as used in OTA optics). For wavelengths 
longer than lOOOA, the intrinsic reflectance of aluminum is higher thari that of 
any other coating material. A good optical polish is necessary' since surface 
scratches can cause variations in the reflectance. This can be especially true 
in the low UV region around 1200A. Also extremely important are the uniformity 
and thickness of deposition and the vacuum level of the chamber. Preliminary 
studies indicate an aluminum layer on the order of 600A should be deposited at 
a comparatively slow rate of 20A per second at a vacuum level of less than 10~^ 

The high reflectance of aluminum can only be utilized if the formation 
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torr. 




of an oxide film can be prevented. This can be done by overcoating the alumi- 
num with a film material of high transparency. Magnesium fluoride is specified 
which has a cutoff wavelength in the UV at 11 BOA. To minimize oxidation the 
protective overcoating would be applied almost simultaneously. Areas of con- 
cern are thickness, uniformity, rate and angle of deposition of the overcoating 
substrate, and vacuum level. The overcoating must be thick enough to prevent 
oxidation of the aluminum by diffusion of oxygen through the coaling. To pro- 
duce a coating with the highest reflectance at Lyman Alpjia, 1215A, the deposi- 
tion of magnesium would-be stopped at a thickness of 250A. The optimum deposi- 
tion is at a rate of 45A per second at incident angles of 15 degrees or less 
with a vacuum level of less than 10 ^ torr. Witness plates would be used to 
monitor coating thickness, uniformity and reflectivity. The minimum reflect- 
ivity of each mirror surface Is specified at 70 percent at 1200A and 85 percent 
at 6328A. 


8.1.7 UV Performance Considerations 


The wavefront error is defined as an optical path difference between a real 
wavefront and a reference spherical wavefront. This absolute quantity varies 
when expressed as a percentage of a wavelength (the shorter the wavelength, 
the larger the wavefront error). The difference between image quality for the 
WF/PC is well described by the rms wavefront error expressed in wavelengths of 
visible light as long as the WF/PC utilizes only the visible region; however, 
if a UV filter is implemented, the same wavefront error will be larger when 
expressed in wavelengths of UV light. Thus, it is important that the residual 
wavefront error be made as small as possible. In. the fabrication of the com- 
ponents specifications on ripple error, surface roughness, cleaning and con- 
tamination address the parameters to assure the quality that is necessary for 
UV performance. 


During the assembly buildup* wavefront error would be measured at the test wave- 
length of 6328A. However, optical software exists to perform analyses at any 
wavelength over the spectral range of interest. (Previous experience has shown 
that the analytical results agree with test results at other wavelengths.) At 
the total system level (optical assembly with CCD detector) direct verification 
of UV performance can be established with the OTA simulator. 
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8.2 OPTICAL FABRICATION 

An assesstnGnt has been made of the manufacturability of the optical components 
comprising the Wide Field Planetary Camera. From a processing viewpoint^ the 
optics fall into three (3) groups: 

a. Plano surfaces: folding mirrors,, filters and 

cover plates. 

b. Cassegrain relay optics (aspherics). 

c. Pyramid reflector. 

The processing approaches considered for the optics are described in the fol- 
lowing text. Although the tolerances for the various characteristics are not 
yet completely established, it is apparent that requirements are not at or be- 
yond the state-of-the-art at present in optics manufacturing technology. As 
is -frequently the case, a large part of the limitation in meeting requirements 
is the exacting demands on testing. Depending on requirements now undefined 
(such as equality of magnification of the four Cassegrain relay systems), new 
test techniques and hardware may have to be developed to provide. information 
necessary for processing the elements. 

8.2.1 Plano Optical Components 

There appear to be no significant problems in manufacturing the parts with 
piano surfaces, provided the thickness/diameter aspect ratio is sufficiently 
large to assure mechanical stability of the mirrors. Conventional piano 
processing and testing techniques now available would be used to manufacture 
these elements. 

8*2.2 Cassegrain Relay Optics 

The //12.88 and //30 systems optics are so similar that the same processing 
approach would be used for both. The fabrication/ test cycle is shown in 
figure 8. 2. 2-1. Since the aspheric departures from the best fit sphere are 
fractional wave for all the elements, the best fit sphere would be used as 
the reference surface from which measurements are made for all the Cassegrain 
elements. The processing/ testing approaches are as follows. 
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FABRICATION/TEST CYCLE 
Figure '8,2.2~1 


8,2.2. 1 Cassegrain Secondary Mirrors 

a. Fabricate test glasses (concave) to the required 
radii . . 

b- Calibrate test glasses for both absolute radius 
and surface accuracy. The absolute radius can be 
fabricated to 0.5 percent and measured -to 0.1 
percent or better. The surface sphericity can be 
defined to 0.005A rms and any significant residual 
error in the glass would be backed out of the test 
data. 

c. Fabricate the secondary mirrors to fit the test 
glass within 0.5x and smooth for surface contour. 

d. Aspherize the surfaces using ACT (area compensated 
tool) techniques. The area compensated tool mini- 
mizes ripple on the surface and can correct both 
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symmetrical and asymmetrical surface errors. Be- 
cause the asphericity is small (less than lx) 
relative to the chosen sphere, the exact asphere 
formula would be entered into the software and then 
subtracted from the test data during its reduction 
so that the output would show the difference between 
the actual and the desired surface. This data would 
then permit the operator to see where material must 
be removed. Surface accuracies of about 0.01 X rms 
can be achieved using this technique. An additional- 
advantage is that all of the four secondaries in a 
given set of Cassegrain systems will be alike for 
vertex radius within very narrow limits. 


8.2-.2.2 Cassegrain Primary Mirrors 


a. Fabricate test glasses to the best fit spherical 
radius. 

b. Calibrate test glasses for absolute radius and 

' surface accuracy. The test glasses would not be 
used to test the surface of the primary mirrors, 
but would be used to control the radius during 
the processing steps. They would also be used 
as set-up masters for an interferometer so that 
the mirrors are tested at the correct radius of 
curvature. 

c. Fabricate the primary mirrbrs by conventional 
techniques to the best fit sphere within 0.5x. 

It would be necessary to insert a dummy piece 
of glass in the hole in the primary during pro- 
cessing so that roM-off of the interior edge is 
minimized. Care must be taken to prevent strain 
in this operation that might cause' figure change 
when the dummy glass is removed. 

d. Aspherize the optical surface using ACT techniques. 
Once' again, the aspheric departure from the refer- 
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ence sphere is less than lA and the software would 
be used to generate data showing the departure of 
the surface as. tested from the -desired surface. 

There is one source of error for the primary and 
that is the positioning of the part being tested 
at the exact radius of the best fit sphere from 
the interferometer focal point. This can be ac- 
complished by building a very rigid structure to 
hold the primary and interferometer at the correct 
locations. Establishing the mirror position would 
be done using the test glass in (b) above. Because 
the position of the primary would vary slightly 
from test to test, a figure accuracy of between 
0.015 a and O.OlA rms is predicted; 

8.2.3- Reflective Pyramid ' 

The most promising approach to the fabrication of this element is to make the. 
four faces of the pyramid separately and identical, and. then to cement them to 
a plate of the same material. Contact blocking the four- elements to a, base 
plate does not appear to be as- feasible' as cementing. -New cements are now 
available that appear to meet environmental requirements. The most difficult 
requirements to satisfy for the pyramid are the sharpness of the intersections 
of the faces and the minimizing of the cosmetic defects on the polished surface. 
It is assumed that the accuracy required for the- figure .of the spherical surface 
is no more than a wavelength or two from spherical because it is directly in 
the focal plane. The processing approach is as follows: 


tk 


a. Fabricate square blanks of glass to the exact 
outside dimensions required and -oversize for 
thickness. Ifmay be desirable to polish the 
edges and taper them slightly to- facilitate 
assembly. Make the sides accurately perpendic- 
ular to the base. 

b. Surround the blank with pieces of the .same' mate- 
rial as the blank to form a close fitting dummy 

that is round, oversize for thickness and having 
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the blank centered in the assembly. It is impor- 
tant that the dummy parts are tight fitting to 
the blank edges. Several new cements are available 
to fill the space between the dummy parts and the ■ 
blank. These, cements will process in a manner simi- 
lar to glass and make it possible to create a very 
sharp edge on the finished piece. 

c. Make the top and bottom of the assembly accurately 
parallel . 

d. Cement a wedge of glass having the exact 9.10.5 de- • 
gree angle at the proper orientation to the base of 
the assembly. 

e. Make the top of the new assembly parallel to. 
the base of the cemented wedge. 

f. Grind and polish the spherical surface. Control 
the angle by maintaining constant edge thickness 
between the curved surface and the base. Control 
thickness by maintaining proper thickness of the, 
assembly. 

g. Disassemble by removing the cement with suitable 
solvents. Great care must be taken to avoid 
chipping the sharp edges of the prism segments. 

h. Assemble the pyramid by cementing only the bases 
of the segments to the base plate. It should be 
possible to maintain a very narrow joint along 
the intersections of the four pieces. 

By proper control of dimensions during process as noted above, the angular 
radius and physical dimensions can be held within specification. The sharp- 
ness of the face .edges can only be estimated at this point, but it is believed 
that a. "blind" area of only a few thousandths of an inch width is achievable. 
Surface quality of 20/5 can be reached with confidence. Quality of 10/1 may 
be achievable. 


The fabrication/assembly procedure for the four facet pyramid mirror Is summar- 
ized in figure 8. 2. 3-1. 
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PABRiCATE 4 
IDENTICAL GLASS 
BLANKS 

SUGHTLY TAPER 
INNER MATING SURFACES 


FORM ROUND BLANK 
BY CEMENTING -♦ 
PIECES OF SAME 
MATERIAL AROUND BLANK 
“GRIND TOP^BCfTTOM 
BIkRALLEL TO E/iCH OTHER 




GRIND TOP 
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OF SQUARE BLANK II 



FABRICATION 

PYRAMID 

Figure 8.2.Z-1 
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8.3 OPTICAL TESTING AND DATA' ANALYSIS 


Because of Kodak’s constant concern for producing high quality products, test 
capabilities, as part of the quality assurance function, have been developed 
to very high levels. In addition, the importance of obtaining the minimum 
possible optical figure errors in optical imaging systems has resulted in de- 
velopment of specialized wavefront data reduction software which is directly 

applicable to evaluating the WF/PC at all levels of camera buildup. The wave- 
front data is obtained. interferometricaTly. The- output can be topographic maps 
of the optical system, wavefront data in terms of peak-to-valley and rms wave- 
front errors, and optical aberration components of the wavefront errors. Sta- 
tistical analyses are also available which yield probability values of achiev- 
ing the measured- optical performance. 

The generaT philosophy for optical testing is summarized -in table 8.3-1. The 
size of the optical elements indicate that this philosophy can be utilized in 
the WF/PC. 


Table 8. 3-1 

DPTICAL TESTING - GENERAL PHILOSDPHY 

. Full Aperture 

. Full Field 

. Zero-G - Simulation 

. Operational Temperature 

- Noise-Free Environment 

• . Test Configuration Designed Such That All 

Reference Test Optics Can Be Readily Calibrated 


In the buildup of the WF/PC, five definable test levels can be identified. These 
five levels are shown in table 8.3-2. It is emphasized that the wavefront 
-quality as dictated in the optical tolerance budgets (section 8.5) can be veri- 
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fied at each of the first four levels by using interferometric testing tech- 
niques and the interferometric evaluation software. At each of these four 
level.s of testing error contributors (such as shown in table 8.3-3) are quanti- 
fied. A typical test error budget is shown in table 8.3-4. In the example, the- 
test error budget is for a reflective null test of a concave mirror and would 
,be used at- either the component or assembly levels. 

Table 8.2-2 
OPTICAL TESTING LEVELS 

Level 

1 Component 

- Unmounted Optical Element 

2 Assembly 

- Mounted Optical Element 

Use Same Test Configuration As In Component Test 

3 Subsystem' 

- Combine Assemblies 

For Example, Cassegrain Primary and Secondary 

Mirror Assemblies 

4 System 

- Combine Subsystems and Assemblies 

For Example, Two (or Three) Mirror Cassegrain r 

Relays and Pyramid Assembly 

5 Camera 

' - Combine System with CCD Detector 


Tabl^ 8m 3-3 
TEST ERRORS 


Short Term 

- Turbulence 

- Noise 

- Software Interpolation 


* Medium Term 

- Support 

- Thermal Distortion 

- Alignment 


. Long Term 

- Interferometer 

* Calibration Errors 

- Alignment Fixture Biases 
(Spacing Rods, Indicators) 
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Table 8, 3~4 

TYPICAL TEST ERROR BUDGET 
{REFLECTIVE NULL TEST) 


Error Source 

Short Term (16 Picture Average) 

Thermal 

Mount 

Alignment 

Interferometer 

Interferometric Data Evaluation System 
Null Residual (After Backout) 


Uncertainty > (;^RM$) 

0*002 
0.003 
0.005 
0*002 
0*003 
0.003 

0*002 

o’y = » 0,008 


The WF/PC buildup in level four would include the total WF/PC optical assembly 
without CCD and CCD coverplate.. Optical performance at the tolial camera level 
(level five) can be verified by evaluating the point spread function directly 
on the CCD. Performance data, which can be generated mathematically, can include 
the- radial energy distribution, rms blur circle, rms wavefront error and opti- 
cal aberration components of the wavefront errors. (Note: This- test would 
include a simulated star source from an OTA simulator.) 

A summary of the optical test instrumentation which would be used during the 
entire buildup is shown in table 8.3-5. 
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Table 8.3-5 

OPTICAL TEST INSTRUMENTATION 


. Interferometer 

-• Wavefront 

- A1 ignment 

- Focal Length 

. Theodolite/Axicon 

- Line of Sight Reference 

- Preliminary Alignment 

- Monitor Reference Optics 

- Initial Test Set-Up 

. Focal Surface Reference Fixture (FSRF) 
. Point Projecting Microscope 


8.4 OPTICAL COMPONENT TESTING 

From a testing viewpoint, the unmounted optical components in the WF/PC fall into 
three groups: piano surfaces (folding mirrors, filters and coverplates), aspher- 

ical surfaces (Cassegrain primary and secondary mirrors}* and spherical surfaces 
(pyramid mirror facets). 

Tv/o different types of test configurations (in-process and acceptance) have been 
established for each group. The in-process test configuration would be utilized 

during the polishing/test cycle (^ 0.5 X P-V). (Note: In the early grind 

stages of fabrication, test instrumentation such as spherometers and test' 
glasses would be used.) 

The Fizeau test configuration for a piano surface is shown in figure 8.4-1 and 
would be used for both the in-process and acceptance test. In this test 
configuration, the . clear aperture of the surface under test has to be less 
than or equal to the collimating lens diameter. (Note: The largest WF/PC 

piano surface has a diameter of approximately 5.2 inches.) 
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SURFACE 



FIZEAU TEST CONFIGURATION 
(PLANO SURFACE) ■ 

Figure 8. 4-^1 

The testing of aspheric surfaces (either conic-aspheric or general aspheric) 
is usually performed utilizing an additiona-1 test optic called a null corrector. 
The purpose of the null corrector is to introduce a wavefront departing from 
spherical of a magnitude and sign to cancel effectively (null) the wavefront 
reflected from the surface being tested. If the surface under test is in error, 
interference fringes will appear which will describe the departure from the de- 
sired asphere. An obvious disadvantage of a null test configuration is the 
addition of the null corrector- which has to be calibrated to .the required accu- 
racy (see table 8.3-4). Two different types of null test configurations are 
shown in figures 8.4-2 and 8.4-3. In the reflective null test configuration, the 
test has the disadvantage of placing the interferometer between the reflective 
null and the optic being tested. The test is also very sensitive to inaccuracies 
in the reflective null calibration since the test wavefront is reflected from 
the test optic twice. However, since only one test optic surface is used, a 
relatively low bias (spherical aberration) is introduced. In the refractive 
null test configuration, the' interferometer is placed outside the. path of the 
null corrector and the mirror, thereby minimizing the noise. However, the re- 
fractive null is difficult to calibrate and particular attention has to be given 
to the design fabrication and assembly of the null lens elements. A radially 
symmetric error (mainly primary spherical aberration) exists which constitutes 
an uncertainty and cannot be backed out of the test. 
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CONCAVE 
MIRROR 
UNDER TEST , 


INTERFEROMETER 

FOCUS 


REFLECTIVE NULL TEST CONFIGURATION 
Figure 8.4-2 


CONCAVE MIRROR 



REFRACTIVE NULL TEST CONFIGURATION 
Figure 8.4-3 

Shown in figui'e 8.4-4 are the aspheric departures (referenced to the vertex 
sphere) for the //I2.88 and //30 primary mirrors. It should be noted that the 
maximum aspheric departure is approximately 1.2A for the //12.88 primary mirror. 
The difference in asphericity between the optimized general’ aspheric //1 2. 88 
primary mirror and the baseline conic aspheric.//! 2. 88 primary mirror is shown 
in figure 8.4-5. The maximum difference in this case is approximately O.08\. 
Shown in figure 8.4-6 are aspheric departures referenced to other spherical sur- 
faces. This figure indicates that a spherical reference surface (preferred 
for manufacturing) can be found to reduce the maximum aspheric departure to 
0.3X. These aspheric departure levels will show up on the interferograms as 
very nearly straight line fringes (closely nulled). This aspheric departure 
can be handled directly in the interferometric evaluation software and the need • 
for the additional test optic (null corrector) is eliminated. The recommended 
acceptance test configuration for the primary mirrors is shown in figure 8.4-7. 
Point p is positioned at. the radius corresponding to the best fit sphere. The 
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aspheric departure (^0.3XP/V) would be "backed out" in the computer .interfer- 
ometric^evaluation software. An alternate acceptance test configuration is 
shown in figure 8.4-8. In this test configuration the test utilizes the fact 
that an ellipsoid (prolate spheroid) has two separated foci on the same side 
of the mirror under test. The in-process test configuration is shown in figure 
8.4-9. In this Fizeau arrangement a convex reference surface is used. 



ASPHERIC DEPARTURE* 
(PRIMARY MIRROR) 

Figure 8.4-4 
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SURFACE DEPARTURE FROM REFERENCE CONIC - WAVES (IX=.6328X) 


U -.08 



RADIAL HEIGHT - CENTIMETERS 


DIFFERENCE IN ASPHERICITY BETWEEN OPTIMIZED //12.88 
RELAY PRIMARY MIRROR AND BASELINE CONIC PRIMARY MIRROR 

Figure 8.4-5 
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SURFACE DEPARTURE FROM REFERENCE SPHERE - WAVES (lx=.6328u) 


+ 1.0 


+ .9 

+ .8 

+ .7 
+ .6 
+ .5 ^ 


RADIUS 

OF 

REFERENCE 

SPHERE 

-40.5850 cm 



ASPHERIC DEPARTURE OF f/12.88 RELAY PRIMARY MIRROR 
WITH RESPECT TO VARIOUS REFERENCE SPHERES 

Figure 8,4-6 
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CONCAVE 
MIRROR 
UNDER TEST 


TWYMAN-GREEN 

INTERFEROMETER 


POINT P POSITIONED AT RADIUS CORRESPONDING TO BEST FIT SPHERE 
(MAXIMUM ASPHERIC DEPARTURE OF 1.2^ "BACKED OUT" IN COMPUTER 
INTERFEROMETRIC EVALUATION). 

TWYMAN-GREEN TEST CONFIGURATION 
(ACCEPTANCE) 

Figure 8,4-7 



CONCAVE MIRROR 
UNDER TEST 


UTILIZES THE FACT THAT AN ELLIPSOID HAS TWO SEPARATED 
FOCI ON THE SAME SIDE OF THE MIRROR UNDER TEST. 

RETROREFLECTOR TEST CONFIGURATION 
(ACCEPTANCE) 

Figure 8.4-8 
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CAMERA 



CONCAVE MIRROR 
UNDER TEST 


FIZEAU TEST CONFIGURATION 

(IN-PROCESS) 

Figure 8,4^9 

The aspheric departures for the secondary mirrors are shown in figure 8.4-10. 

It -should be noted that the maximum aspheric departure is approximately 0.2 \ 
for the }yi2.88 secondary mirror. Shown in figure 8.4-11 is the Fizeau test 
configuration which would.be used for both the in-process and acceptance tests. 
The aspheric departure («0.2XP/V) would be "backed out" in the computer inter- 
ferometric evaluation software. In the acceptance testing, the spherical test 
glass would be aluminized for 40 to 80 percent reflectance,. producing multiple 
beam fringes with the highly reflective coated convex secondary mirror. An 
alternate acceptance test configuration is shown in figure 8.4-12. Since the 
hyperboloid has two foci light rays directed toward the focal point behind the 
hyperbolic mirror will, after reflection, pass through the other focus. There- 
fore, the Hindle test provides an. exact null test for a perfect hyperboloid with 
the aid of a larger concave spherical teH optic (Hindle sphere). 

Shown in figure 8; 4-13 is the test configuration to' be used for the spherical 
pyramid mirror facet. This test configuration would be used for both the in- 
process and acceptance tests. Since the face-t is approximately //1 00, an over- 
sized test plate is needed to measure the radius to within the allowable 
tolerance (±0.2 percen"t). 
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ASPHERIC DEPARTURE 


0.3 



VERTEX RADIAL POSITION (CM) 


* ASPHERE-VERTEX SPHERE 
X = ,6328 jjm 


ASPHERIC DEPARTURE* (SECONDARY MIRROR) 

Figure 8.4-10 



FIZEAU TEST CONFIGURATION 

Figure 8.4-11 
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INTERFEROMETER 

FOCUS 


REFLECTIVE NULL TEST CONFIGURATION 
("HINDLE" TEST) 

Figure 8. 4-12 



PYRAMID MIRROR TEST CONFIGURATION 
(FIZEAU - TEST GLASS) 

Figure 8.4-13 


In the fabrication approach chosen (see section 8.2), four facets would be. fab- 
ricated independently and then combined into a four faceted pyramid mirror 
(figure 8.4-14). The acceptance test configuration for the total mirror. is 
shown in figure 8.4-15. In this test configuration, a point projecting micro- 
scope would be installed at four locations on a reference template. A spherical 
wavefront from the point projecting microscope can only return through the hole if 
the facet is located in its proper location. 
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REFLECTING PYRAMID 

(PHYSICAL -DIMENSIONS AND ANGULAR DIMENSIONS IN OBJECT SPACE) 

F-igure 8.4-14 



PYRAMID MIRROR ACCEPTANCE TEST CONFIGURATION 
Figure 8.4-15 ■ 
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Three spatial frequency domains have ‘been specified for each optical component 
{see section 8.2). The testing configurations summarized in table 8.4-1 would 
be used to verify the low spatial frequency figure errors as allocated in the 
wavefront budgets (see section 8.5) and, the low to mid spatial frequency auto- 
correlation length requirements. In the high spatial frequency domain, rms 
surface roughness has been specified. Two techniques are usually used. The 
first measures the resultant effect of veiling glare directly and calculates 
the rms roughness (figure 8. 1,3-1). The second and preferred method measures 
the rms surface roughness using a device such as a PECO interferometer. 

Table. 8.4-1 

WF/PC OPTICAL COMPONENT TEST CONFIGURATIONS 



In~Process 

Acceptance 

WFC Primary Mirror 

Fizeau - Convex Reference 

Twyman-Green « At Best Fit 

PC Primary Mirror 

Sphere with Aspheric Backout 

Radius with Aspheric Backout 
Alternate - Retroref lector 
Test Configuration 

WFC Secondary Mirror 

Fizeau - Concave Reference 

Fizeau - Concave Reference 

PC Secondary Mirror 

Sphere with Aspheric Backout 

Sphere with Aspheric Backout 
(Multiple Beam Fringes) 
Alternate - Hindle Test 
Configuration 

Pyramid Mirror 

Fizeau - Convex Reference 

Fizeau -* Convex Reference 


Sphere 

Sphere 

Plano 

Fizeau 

Fizeau 


Scratch/dig requirements would be verified directly on the optical surface using 
a measuring microscope with calibrated scale. 

8.5 OPTICAL TOLERANCE BUDGETING 

Based on the predicted "manufactured" system performance, sensitivity analysis 
and assembly buildup philosophy, a wavefront error budgeting philosophy is es- 
tablished. Individual error contributors are defined and toleranced. These 
tolerances are then compared with estimated manufacturing and testing capability, 
establishing a degree of confidence- -in the manufacturability of the system. 
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A real system must be manufactured to a practical set of fabrication tolerances. 
A figure of merit must be established which can be used to tolerance individual 
error contributors and servo as a perrormance indicator for meeting the overall 
system objectives during assembly buildup. For an optical- imaging device, the 
rms wavefront error is an excellent figure of merit. Shown in figures 8.5-1 
and 8.5-2' are the effects of performance degradation on a combined OTA with 
WF/PC. The designed curves in these cases are the actual MTF calculations as 
established in sections 5.0 and 6.0. Inherent in the manufacture of a combined 
OTA with WF/PC is a maximum rms wavefront error of 0.075X due to the OTA alone. 
The addition of an independent WF/PC optical system to the OTA must minimize 
any wavefront error increase to the inherent 0.075 a rms wavefront error. 



SPATIAL' FREQUCHCr (LP/W) 


EFFECT OF STATIC WAVEFRONT ERROR 
ON COMBINED OTA 
WITH PLANETARY' CAMERA 

Figure 8.5-2 
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A manufactured optical system will have its wavefront quality (rms wavefront 
error) degraded by optical element misalignment and focus errors. The sensi- 
tivity analysis (section 7.8) establishes the amount of degradation introduced 
by the misalignment and focus errors. For example, a budgeting philosophy for 
the two mirror Cassegrain is shown in figure 8.5-3. 



TWO MIRROR CASSEGRAIN WAVEFRONT ERROR 
(RMS ERROR AT 0.6328 MICRONS) 

Figure 8, 5~ 3 


In this philosophy the primary mirror is assumed the fixed reference for the 
Cassegrain-. The manufactured two mirror Cassegrain wavefront quality will be 
degraded by secondary mirror misalignment and focus errors relative to the 
primary mirror and misalignments of the focal plane structure relative to the 
secondary mirror focal surface. In this case the maximum allowable degrada- 
tion of the manufactured tv/o mirror Cassegrain wavefront quality is the two 
mirror Cassegrain static wavefront quality. (The manufactured system without 
misalignment and focus errors would be better than the two mirror Cassegrain 
static wavefront quality.) With this philosophy the misalignment and focus 
error values must be retained below the given values. If manufacturing toler- 
ances indicate that passive mounting techniques cannot retain the wavefront 
error within allowable budget values, active alignment techniques are required 
to bring the element misalignment and focus errors back within the allowable 
static wavefront error. (Note: For the OTA, this is the case. An optical 
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control subsystem is utilized to maintain two tilts, two decenters, and one 
despace on the secondary mirror within the allocated budgets.) 

It should -also be emphasized that the Cassegrain primary mirror can only be 
used as a "fixed" reference for the optical system' if the following assumptions 
are true: (1) primary mirror is dimensionally stable, (2) primary mirror is 

thermally stable, (3) primary mirror location relative to focal surface is 
stable, (4) ground testing accuracy is sufficient to establish alignment, and 
(5) ground testing provides adequate zero 'g' simulation. 

Each optical element is allocated separate budgets in the manufactured wave- 
front budget. A manufactured wavefront budget for the two mirror Cassegrain 
is shown in figure 8.5-4. In this budget two separate optical assemblies 
{mirror with mount) are manufactured and then combined to form the final manu- 
factured system. Each optical assembly is further broken down into an alloca- 
tion for the optical component (without mount) and the mount itself. The 
contributors should then be compared with estimated manufacturing and testing 
capability (see section 8.4). Shown in figures 8.5-5 and 8.5-6 are the sec- 
ondary mirror alignment and focus error budgets. As indicated, if these budgets 
can be met in the assembly of the Cassegrain, no active alignment techniques 
will be required to bring the element misalignment and focus errors back within 
the allowable static wavefront error. 


MANUFACTURED WAVEFRONT 
BUDGET 

Figure- 8.5-4 


PRIMARY, MIRROR ASSEMBLY 

POLISHING 0.030A 

COATING 0.003A 

MOUNT STRAIN 0.005a 

RSS 0.031.A 

PRIMARY AND SECONDARY 
ASPHERIC MISMATCH 
THERMAL VARIATIONS 


SECONDARY MIRROR ASSEMBLY 

POLISHING 0.030^ 

COATING 0,003/ 

MOUNT STRAIN 0.005> 

RSS 0.031 A 

MIRROR ASSEMBLIES 0.044) 

0 . 010 ) 

0 . 010 ) 

TOTAL RSS 0.046A 
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CONTRIBUTOR 


RMS WAVEFRONT ERROR 
(g 0.6328 MICRONS) 


INTERFEROMETRIC DETERMINATION 0.012X 

OF BEST ALIGNMENT 


THERMAL/STRUCTURAL VARIATIONS 0.004/ 


SECONDARY MIRROR ALIGNMENT ERROR BUDGET 
Figure 8.5-5 


CONTRIBUTOR 

RMS WAVEFRONT ERROR 
( P MICRONS) 

2n FOCUS ERROR 
(MICRON',) 

Wl(. 

FOCAL SURFACE DEFINITION 

.021X 

61.7 

334.3 

CCD DETECTOR INSTALLATION 
THERMAL STABILITY 

.004A 

11.8 

65.6 

MIRRORS 

.008X 

23.5 

13.1 

METERING STRUCTURE 

.018X 

52.9 

295.1 

CCD SUPPORT STRUCTURE 

.004 A 

11.8 

65.6 


FOCUS ERROR BUDGET 
Figure 8. 5-6 


It should be emphasized that three definable levels of testing have been identi- 
fied in the assembly of the two mirror Cassegrain (see table 8.3-2). Logical 
test levels are at the component (unmounted optical element), assembly (mounted 
optical element) and subsystem (combination of primary .mirror assembly and sec- 
ondary mirror assembly). 

The overall system requirements (combined OTA with WF/PC optics), as established 
in section 4.0, specify that the axis static wavefront error must be no more 
than 0.108 X rms under orbital operational conditions. Shov/n in figure 8.5-7 
is a preliminary allocation for the Cassegrain relays and the additional WF/PC 
optics. Further assembly buildup philosophy and tolerance breakdowns are needed 
in this. area. 
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SYSTEM WAVEFRONT ERROR 
RMS ERROR AT 0.6328 ym) 

Figuee 8,S~7 


8.6 DEPTH OF FOCUS 

Shown in figure 8.6-1 is the relationship between OTA image quality degradation 
and a focal shift at the OTA focal plane. The focal shift at the OTA focal 
plane causes a focal shift at the WF/PC focal plane. The relationship between 
WF/PC image quality degradation and a focal shift at the WF/PC focal plane is 
shown in figure 8.6-2. The depth of focus corresponds to the longitudinal 
displacement in the focal plane location. as allocated in the wavefront budget. 
Since <1 focus accuracy of 0.029 A rms has been allocated (see figure 8.5-3), 
a depth of focus for the wide field camera of i 85 microns and for the planetary 
camera of ± 475 microns is determined. 
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0.094SA RHS/HM 



RMS WAVEFRONT ERROR VS DEFOCUS 
(OTA FOCAL SURFACE) 

Figure 8,6-1 



RMS WAVEFRONT ERROR VS OEFOCUS 
(WF/PC FOCAL SURFACE) . 

Figure 8,6-2 
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8.7 OPTICAL TESTING - TWO MIRROR CASSEGRAIN 


PAGE ,l& 
OF POOR QUAUTY 


The two mirror Cassegrain acceptance test configuration is shown in 
figure 8.7-1. This configuration is based on the fact that the two mirror 
Cassegrain is a finite conjugate optical system. On the object side, an 
interferometer is installed with an f/24 objective. On the image side, a 
retroref lector is installed with an //12.9 objective for the- Wide Field 
Camera and an //30 objective for the Planetary Camera. This retroreflector 
can be installed at other points in the field mapping out the focal surface 
contour (focal surface reference fixture — FSRF). In theory, a spherical 
wavefront emanating from the interferometer will pass through the Cassegrain 
twice after reflection from the retroreflector. Deviation in the interferometric 
pattern from the spherical reference will describe the Cassegrain performance. 
Shown in figures 8.7-2 and 8.7-3 are the performance predictions (at the 
center of the CCD) for the WF/PC Cassegrain optics. Based on the optical 
tolerance budgeting of section 8.5, the OQF at the center of the CCD should 
be greater than or equal to 88 percent for' level 3 testing (table 8.3-2). 



INTERFEROMETER 




TWO MIRROR CASSEGRAIN ACCEPTANCE TEST CONFIGURATION 

Figure 8. ?-l 
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HOflHALIZED HTF NORMALIZED HTF 


CENTER OF CCD 



0 20 40 60 80 100 120 140 


SPATIAL FREQUENCY (LP/HH) 


WIDE FIELD CAMERA PERFORMANCE PREDICTION 
(TWO MIRROR CASSEGRAIN) 

Figure 8. 7-2 



PLANETARY CAMERA PERFORMANCE PREDICTION 
(TWO MIRROR CASSEGRAIN) 

Figure 8.7-3 
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Shown in table 8.7-1 is a preliminary assembly buildup sequence for the two- 
mirror Cassegrain. This sequence is based on interferometric testing for 
compliance of wavefront quality and secondary mirror alignment. During 
interferometric alignment, the wavefront error would be measured at four 
symmetric points in the field. The procedure utilizes the interferometric 
data evaluation software in which the design residuals are first removed 
(backout). The wavefront is evaluated for coma and astigmatism. 


The equations of table 8.7-2 are then solved using these aberrations. The 
results are averaged at the four field points, yielding the amount of decenter 
and tilt to be introduced into the secondary mirror. With this method, an 
optimum location of the secondary mirror with respect to the "fixed" reference 
primary mirror would be determined after several iterations. 


Tc^le 8.7-2 






2 . 


TWO MIRROR CASSEGRAIN OPTICAL TESTS 


Rough alignment - Align secondary mirror assembly (SMA) 

to primary mirror reference using 
theodolite; set primary to secondary 
airspace using metering rod. 

Coarse alignment ~ Interferometry; visually minimize coma 

and astigmatism. 


3. Fine alignment 


Interferometry; four field positions; 
lock SMA . 


4. Wavefront measurement •• On-axis and selected field points, 

nominal focus: specified misalignment 

and defocus (the SMA will be aligned 
and focused with resoect to the primary 
mirror assembly (PMA) to within the 
allowable two mirror Cassegrain "static" 
wavefront error). 

5 Focal surface determination ~ Thru-focus interferometry at several 

field positions; Interface mount pads to 
compensate field tilt; determine focal 
surface relative to FSRF. 


6. 

Focal length and back focus 
determination 

- Use selected field point pairs (nodal 
test). 

7. 

Set line of sight reference 
devices 

- Theodolites and auxiliary mirrors. 

8 . 

Baffle check 

- Auxiliary camera and diffuse light source. 

9. 

Field size check 

- Auxiliary viewing screen and light source. 

10. 

Final performance check 

- Repeat portions of steps 4 and 5. 
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Tabte 8. 7-2 
ALIGNMENT EQUATIONS 


Decenter 

Decentery 

Tilty 

where: 


-Ki OPD^ Sin 4. + Ka OPD^ Sin ( 2 e - y) 
Ki OPD- Cos - Ka OPD, Cos (20 - y) 

V d 

K4 OPD^ Cos 4. - K3 OPD, Cos (20 --y) 

V d 

K4 OPDj. Sin (fr - K3 OPDg Sin (20 - y) 


OPD^ is coma magnitude; ij) is coma angle - 

OPD^ is astigmatism magnitude; 0 is astigmatism angle 

y is field point azimuth 
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9.0 FOCUS ANALYSIS 



9.0 FOCUS ANALYSIS 


Many perturbations in the OTA + WF/PC optical system have a common 
characteristic: they cause the image at the relay focal plane (CCD detector) 

to become defocused. This focus error can- be removed, if the perturbation 
is not too large, by a corrective adjustment in the axial position of the 
pyramid. 

A general analysis of pyramid refocusing applies to all these perturbations. 
They include: • 

1. Axial displacement of the WF/PC assembly with respect 
to the OTA image surface. 

2. Axial displacement of the OTA image surface with 
respect to the WF/PC due to perturbations in the 
OTA such as a change in its priraary/secondary 
mirror spacing. 

3. Translation of the WF/PC pickoff mirror with ' 
respect to fixed OTA and relay optics. 

4. Axial displacement of pyramid with respect to 
fixed OTA and WF/PC. 

The original intent of the focus analysis task was an evaluation of conditions 
(l) and (2) above. Because the analysis for these conditions could be ' 
extended to conditions ( 3 ) and (4) for very little extra effort, their 
evaluation is also included. 


The first analysis was to evaluate the MTF of the //12.88 relay after the 
WF/PC with pickoff mirror is shifted axially with respect to the OTA secondary 
mirror and the pyramid adjusted axially to remove defocus. The amounts of 
pickoff mirror perturbation were ± 400 microns and ± 800 microns (condition 1). 

The second analysis was to evaluate MTF after the OTA secondary mirror is 
shifted axially with respect to the OTA primary mirror and the pyramid 
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adjusted axially to remove defocus. The amounts of secondary mirror 
perturbations evaluated corresponded with OTA focus shifts of ± 400 microns 
and ± 800 microns (condition 2). 

For both conditions, analysis showed that the perturbations could be 
completely compensated by axial adjustment of the pyramid. The MTF at all 
points on the relay focal surface (CCD detector) after the perturbation and 
pyramid adjustment were restored to their unperturbed values. 

Similarly, translation of the pickbff mirror by ± 400 microns and + 800 
microns also were completely compensated by axial adjustment of the pyramid. 
Directions of pickoff mirror translation evaluated were parallel to the OTA 
optical a;cis and normal to the OTA axis in the meridional plane (condition 3). 

An error in the axial position of the pyramid will cause a focus error at the 
relay focal surface. An analytic expression which relates the focus error' 
to the pyramid position error is given. 

9.1 PYRAMID FOCUS ADJUSTMENT 

The perturbations described as conditions 1, 2, and 3 have a common 
optical effect. They cause an apparent displacement of the pyramid and relay 
optics with respect to the OTA image surface. The axial component of this 
displacement is denoted aZ and the lateral (decenter) component is aY. 

The amount of axial pyramid adjustment needed to restore focus is 

Az = “AZ/2 cos^o 


where 


Az = axial shift of the pyramid where 
+■ shift is away from the OTA 

a = angle of pyramid facet (9.1056°) 
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and evaluation gives: 


Az = -0.512844 AZ (2) 

The quantity AZ depends upon the particular perturbation, 

9.2 POINTING ANGLE PERTURBATION 

The perturbation and compensating pyramid adjustment changes the system 
pointing angle. Let the center of the CCD detector correspond to the OTA 
field angle <i> before the perturbation. Then, after the perturbation, this 
field angle becomes <j> + A<j) where 

Ai. = tan"i "Ay/(f-Af) + tan d. A//(f-A/j; (3) 

and f = OTA focal length 

A/* = OTA focal length perturbation 

A-y = aY-aZ tan(e-2a) - Az + tan(s-2a) i 

A particular ray, after reflection from the pyramid-, will become the optical' 
axis of the relay optics. Between the pyramid and the WF relay folding mirror, 
the angle of this ray with respect to the OTA axis' is denoted $. For the //12.88 
design, $=18.34°. As described previously, a=9.1056°. Then, evaluating the 
above expression. 

Ay = aY - 0,002248 AZ - 0.3170 Az (4) 

9.3 EVALUATION OF CONDITION 1 


Let the pickoff mirror, pyramid, and relay optics be displaced axially along 
the OTA axis by distance AL. The optical displacement is the same as the 
physical displacement for the condition', so: 


aY = 0 
AZ = AL 
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From equation (2), the amount of axial pyramid adjustment needed to restore 
focus is: 

Az = -0.512884 aL 

From equation (4), the parameter Ay is: 

Ay = -0.002248 aL - 0.3170(-0. 512844 aL) 

Ay = 0.1603 aL 

The OTA focal length (/) is 5760 cm. The OTA fs not perturbed, so A/=0. From 
equation (3); 

A4 = tan”i 

Combining the preceding two equations gives: 

Aij) = tan” [2. 78x10”^ al] (aL in cm) ■ 

The adjustments to the math model for this condition, therefore, are to 

a. Shift pyramid and relay optics axially by distance AZ. 

b. . Refocus pyramid by Az. 

,c. Adjust OTA input field angles by A 4. 


MTF was calculated for the perturbations at grid points A, a!, C, and E on the 
CCD detector surface, as shown in table 9.3-1. Unperturbed MTF and these, values 
of perturbed f4TF are given- in table 9.3-2. 
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Toi>te 9.Z-1 


INPUT PERTURBATIONS 


AL(u) 

&Z(y) 


A<|) (degrees) 

+800 

+800 

-410 

0.000127 

+400 

+400 

-205 

0.000064 

-400 

-400 

+205 ^ 

-0.000064 

-800 

-800 

+410 

-0.000127 


Grid 

Point 

Table 9.3-2 
MTF AT 33 C/MM 

aL - Microns 


+800 

+400 

0 

-400 

-800 

A 

.186 

.187 

.188 

-.189 

.191 

a' 

.390 

.389 

.389 

.390 

.390 

C 

.355 

.354 

.354 

.353 

.353 

E 

.336 

.336 

.336 

.336 

.335 


Table 9.3-2 shows that the effect of axially shifting the pickoff mirror and 
WF/PC with respect to .the- OTA image surface is compensated by an axial 
adjustment of the pyramid. ■ This adjustment restores the MTF to its unperturbed 
value. 

9.4 EVALUATION OF CONDITION 2 

The amount of OTA secondary mirror perturbation needed to shift the OTA image 
surface by AZ is: 

AT = -az'/(M^+1) 


where 


r^. 
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AT = axial shift of secondary mirror where 

+ shift increases the primary- to-secondary 
mirror spacing 

I 

aZ = axial shift of the OTA image surface where 
+ shift is away from the OTA 

M = OTA secondary mirror magnification 
(10.434756) 

and evaluation gives: 

AT = -0.009100 az’ 

The equivalent optical displacement of the relay with respect to the OTA 
image is 


aY = 0 
aZ = - az 


From equation (2), the amount of axial pyramid adjustment needed to restore 
focus is 


AZ = 0.512884 AZ 

From equation (4), the parameter Ay is 

Ay = +0.002248 Az' - 0.3170(0.512844 az') 

Ay = -0.1603 az' 

A change aT in OTA secondary mirror location perturbs the OTA focal length 
as follows: 

Af = 4/2AT/(rprg - 4 /aT) 
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where 


A/ = change in focal length 
/ = OTA focal length {5760 cm) 

Tp = primary mirror radius (-1104.0 cm) 
r^ = secondary mirror radius (-135.8 cm) 

AT = secondary mirror spacing change 

From equation 3, the pointing angle is 

A<f = tan" 1 1 Ay/ (/-A/) + tan Q af/{f~Af)\ 

The OTA field angle <{• corresponding to the center-point of the CCD detector 
is 0.015816 degrees. 

The adjustments to the math model for condition 2, therefore, are to 

a. Shift OTA secondary mirror position by distance AT. 

b. Refocus pyramid by Az. 

c. Adjust OTA input field angles by Aij>. 


MTF, calculated for the perturbations in table 9.4-1, are given in table 9.4-2. 


Table 9.4-1 
INPUT PERTURBATIONS 


I 


AZ (y) 

'iT M 

Az (y.) 

Af (cm) 

A<|) (degrees) 

+800 

-7.2804 

+410 

-0.6444 

-0.000129 

+400 

-3.6402 

+205 

-0.3222 

-0.000065 

-400 

+3.6402 

-205 

+0.3222 

+0.000065 

-800 

+7.2804 

-410 

+0.6444 

+0.000129 
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Table 9.4-2 


MTF AT 33 C/MM 

I 


aZ - Microns 


Gf lU 

Point 

+800 

+400 

0 

-400 

-800 

A 

.188 

.188 

.188 

.189 

.189 

a' 

.389 

.389 

.389 

.389 

.390 

C 

.355 

.355 

.354 

.353 

.352 

E 

.334 

.335 

.336 

.337 

.337 


Table 9.4-2 shows that the effect of perturbing the OTA secondary mirror 
position is compensated by an axial adjustment of the pyramid. This adjustment 
restores the MTF to its unperturbed value. 

9.5 EVALUATION OF CONDITION 3 

Let the pickoff mirror be displaced axially along the OTA axis by distance 
aL^. Optically, this perturbation causes an apparent displacement of the 
pyramid and relay optics with respect to the OTA image surface. The axial 
component of thSs apparent displacement is aZ and the transverse component 
(decenter) is aY. For the aL^ perturbation: 

aY = AL^ Sine 

AZ = aL^ (1 + Cose) 

where e = pickoff mirror angle = 94*^ 

Similarly, a transverse decentering ALy of the pickoff mirror with respect to 
the OTA axis also causes an apparent displacement of the pyramid and relay 
opti cs where 

aY = ALy (1 - cose) 

aZ = ALy SinO 
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Evaluating the above expressions: 


AY = 0.997564 AL^ . 
aZ = 0.930244 aL^ 

and 

AY = 1.069756 ALy 
AZ = 0.997564 ALy 

The expressions for ALy are very nearly equal to those for AL^. Consequently, 
only the effects of aL^ need to be analyzed because the conclusions can be 
applied to ALy also. 

From equation (2), the amount of axial pyramid adjustment needed to restore 
focus is: 


AZ =.-0.512844 (0.930244 AL^) 

AZ = -0.477070 aL^ 

From equation (4*),. the parameter Ay is: 

Ay = 0.997564 AL^ - 0.002248(0.930244 aL^) - 0.-3170 (-0.477070 aL^) 
Ay = 1.. 1467 AL^ 

The OTA focal length (/) is 5760 cm. The OTA is not perturbed, so a/ = 0. 
From equation (3); 

A<|) = tari”i (Ay/f) 
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Combining the preceding two equations gives: 


A<|j = tan”^ (1.991x10”** AL^) (aL^ in cm) 


The adjustments to the math model for this condition, therefore, are to: 

a. Shift pyramid and relay optics axially by distance 
AZ and laterally by distance aY. This adjustment is 
optically equivalent, to shifting the pickoff mirror 
by distance AL^. 

b. Refocus pyramid by az. 

c. Adjust OTA input field angles by Ai}>. 


MTF was calculated for the perturbations in table 9.5-1 at grid points A, A 
C, and E on the CCD detector surface. Unperturbed MTF and these values of 
perturbed MTF are given in table 9.5-2. 

TabZe 9,S'~1 

INPUT PERTURBATIONS 


AL 2 (p) 

ay (u) 


AZ (p) 

Az (p) 

aQ (degrees) 

+800 

+798 


+744 

-382 

+0.000913 

+400 

+399 


+372 

-191 

+0.000456 

-400 

-399 


-372 

+191 ■ 

-0.000456 

-800 

-798 


-744 

+382 

-0.000913 




Table 9. 

5~2 




MTF AT 33 C/MM 


Grid 

Point 


AL^ 

- Microns 


+800 

+400 

0 -400 

-800 


A 

.177 

.182 

.188 .194 

'.ZOO 


a' 

.387 

,388 

.389 .391 

.393 


C 

.358 

.356 

.354 .352 

.350 


E 

.335 

.336 

.336 .336 

.336 
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Table 9.5-2 shows that the effect of axially shifting the pickoff mirror is 
compensated by an axial adjustment of the pyramid. The amount of adjustment 
Az was calculated from equation (2) which assumed, in its derivation, that the 
pyramid facets were piano and that the OTA image surface was flat. These 
approximations may account for the minor variations in compensated MTF. 

Optically, the effect of shifting the pickoff mirror in a direction normal to 
the OTA axis (in the meridional plane) is nearly the same as the axial shift. 
Thus, the general conclusion can be made that a ± 800 micron shift of. the pickoff 
mirror in any direction from its nominal position can be fully compensated 
by an axial adjustment of the pyramid. 

9.6 FOCUS ADJUSTMENT AT DETECTOR USING THE PYRAMID 

The WF/PC uses the OTA image surface as an "object” and re-images this object 
onto the CCD detector surface. The back focal distance (BF) between the WF/PC 
and detector depends upon the distance between the “object" and the WF/PC. 

An axial shift of the pyramid changes this object distance and, consequently, 
changes the back focus resulting in a focus error ABF at the detector. 

Analysis of pyramid refocusing for the perturbations evaluated in this report 
led to the following two equations for change in object distance Aa: 


Aa = aZ/cos (6-2a) 

(5) 

Aa = 2AZ C0s2a/c0s(e-2a) 

(6) 


For focus compensation, the change in object distance Aa caused by the pyramid 

I 

shift Az must be equal and opposite to the change in object distance Aa caused 
by the perturbation AZ: 


I 

Aa = -Aa 
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Substituting equations (5) and (6) into this expression and solving for az gives 


AZ = -aZ/2cos^c( 


and this is equation (1), used in this report for focus compensation. 

In the absence of perturbations (aZ= 0), a shift Az of the pyramid will cause 
a change Aa in object distance, thereby producing a focus shift ABF at the 
CCD detector. 

By applying the method of finite differences to the paraxial ray trace equations 
the following relationship is found: 


ABF = - 

r ^r,K 

P S 

2 

^ 2(Rg-Rp-2Tp)Aa 


( ) ( R -2T„ )-2T„R„ 
P O' ' s p' op 


(rp+2T„)(R3-ZTp)-2T„Rp 


where: 


Rp = primary mirror radius {-40.5662 cm) 

Rg = secondary mirror radius (-28,5460 cm) 

Tq = object distance (113.0610 cm) 

Tp = mirror separation (16.2590 cm) 

Evaluating the above expression: 

ABF = -0.28798 Aa + 0.0054717 (Aa)^ 

Equation (6) is also evaluated, using ct = 9.1056° and.g = 18.34°: 
Aa = 1.9499 Az 
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Finally, combining the preceding two expressions: 


ABF = -0.56154 Az + 0.020804 (Az)2 (7) 

This expression relates focus shift aBF at the CCD detector to axial translation 
Azof the pyramid. The units used in this equation must be centimeters. 

The optical system math model is used to verify the focus shift equation as 
fol 1 ows : 

a. Shift pyramid axially by distance Az. 

b. Move CCD detector axially by aBF. If equation (7) 
is correct, the focus error will be removed. 

c. Adjust OTA input field angle using equations (3) 
and (4) where aY = aZ = A/ = 0. 

T<d>te 9.6-1 
INPUT PERTURBATIONS 

Az (cm) ABF (cm) A<{> (degrees) 

+0.08 -0.0448 -0.000252 

-0.08 +0.0451 ■ +0.000252 

MTF was calculated for the perturbations, as shown in table 9.6-1, at grid 
points A, C. and E on the CCD detector surface. Unperturbed MTF and calculated 
values of perturbed MTF are given in table 9.6-2. 
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Table 9.6-2 


MTF AT 33 C/MM 


Az - Centimeters 


Ul 1 u 

Point 

+.08 

O' 

-.08 

A 

.191 

.188 

.186 

C 

.353 

.354 

.355 

- E 

.336 

.336 

.335 


Table 9.6-2 shows that focus error is removed when the detector is shifted 
aBF for a pyramid shift of Az. The math model, therefore, has confirmed the 
focus shift equation (7). 
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10.0 SYSTEM PERFORMANCE 



10.0 SYSTEM PERFORMANCE PREDICTION 


10.1 SYSTEM PERFORMANCE PREDICTION (WITHOUT DETECTOR) 

Performance predictions for the WF/PC optics without OTA are shown in figures 

10.1- 1 and 10.1-2. At this level of testing, an OQF of 79 percent is antici- 
pated and can be verified by interferometric testing. Performance 
predictions for the WF/PC optics with OTA are shown in figures 10.1-3 and 

10.1- 4. The optimized geometric-mean MTF over the field of the Wide Field 

Camera at a spatial frequency of 33 cycles/ram is shown in figure 10.1-5. 
Assuming an anticipated OQF of 63 percent, the predicted manufactured 
performance is shown in figure 10.1-6. The optimized geometric-mean MTF over 
the field of the Planetary Camera at a spatial frequency of 14 cycles/mm is 
shown in figure 10.1-7. Assuming an anticipated OQF of 63 percent, the 
predicted manufactured performance is shown in figure 10.1-8. (Note: Since 

a total system test (OTA with WF/PC) is not planned, the predicted OQF cannot 
be verified by interferometric testing.) 



WIDE FIELD CAMERA PERFORMANCE PREDICTION 
(WITHOUT OTA) 

Figiire 10.1-1 
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NORMALIZED HTF 



PLANETARY CAMERA PERFORMANCE PREDICTION 
(WITHOUT OTA) 

Figure 10.1-2 

CENTER OF CCD 



WIDE FIELD CAMERA PERFORMANCE PREDICTION 
(WITH OTA) 

Figure 10.1-3 
178 


EASTMAN KODAK COMPANY * 901 ELMGROVE ROAD • ROCHESTER. NEW YORK 14650 




SPATIAL FREQUENCY (LP/KH) 

PLANETARY CAMERA PERFORMANCE PREDICTION 
(WITH OTA) 

Figure 10.1-4 



Hqure 10.1-5: //12.88 RELAY - OPTIMIZED GEOMETRIC-MEAN MTF 

AT VARIOUS FIELD POSITIONS 
(SPATIAL FREQUENCY = 33 c/mm, X = 0.6328 my) 
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'’ = 33 CYCUES/hM 
X =JLi328 MICRONS 



WIDE FIELD CAMERA 
{mNUFACTURED.-.MTF'AT 
.VARIOUS FIELD POSITIONS) 

Figwce 10.1-6 


//30 RELAY - OPTIMIZED 
GEOMETRIC-MEAN MTF AT 
VARIOUS FIELD POSITIONS 
(SPATIAL FREQUENCY = 14 c/mm, 
A = 0.6328 my) 

Figure 10.1-7 
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V = 33 CYCLES/MM 
X » .6328 MICRONS 


• o.^l 

1 

•o.3y 



• 0.57 



• o.-s? 


.o.sY 

0,3S. 

.Oft? 



*0.yf 

o.»S' 




*0.vj 


1 



.o.'iV 

wv. 



o.sy. 


PLANETARY CAMERA 

(MANUFACTURED MTF. AT' VARIOUS FIELD POSITIONS) 
Figure 10.1-8 


10.2 SYSTEM PERFORMANCE PREDICTION (WITH DETECTOR) 

10.2.1 Threshold Modulation Analysis 

Threshold modulation (TM) analysis is used to determine, for the human observer, 
the limiting resolving power of a lens-film combination*. This technique 
provides a single value indication of system performance and can be applied to 
a general imaging system as well. In TM analysis, the limiting resolution of 
a system is determined by the intersection of the (frequency dependent) incident 
target modulation (ITM) curve^, and the threshold modulation (TM) curve, as 
illustrated in figure 10.2.1-1. 


* y. J. Lauroesohi et aZ, "Threshold Modulation Curves for 

Photographic Films"^ Applied Optics^ Vol. 9j No. 4j April 1970^ 
pp. 875-887. 

t Also known as the aerial image modulation (AIM) curve. 
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LIMITING RESOLUTION OF A SYSTEM 
F-igure 10.2.1-1 

The incident target modulation represents the modulation available at the input 
to a detector (CCD, film, etc.)- ITM is a function of the target contrast, the- 
intervening media between the target and its image on the detector, the modulation 
transfer function (MTF) and optical quality factor (OQF) of the taking optics, 
smear, and defocus. 

Threshold modulation, on the oth,er hand, represents the ndnimim modulation 
that is required at the input of the system to perform a given task — • usually 
detection. Threshold modulation is a function of the MTF's and noise source of 
all the elements in the image chain from the detector through the user. 

Threshold modulation is also a function of the signal-to-noise ratio required to 
perform a particular task with a given performance probability. For example, 
if the task is to detect a tri-bar pattern with a 50 percent probability of 



182 

EASTMAN KODAK COMPANY • 901 ELMGROVE ROAD • ROCHESTER, NEW YORK 14650 





detection, the required signal -to-noise ratio (SNR) is 1.5*. If, however, it is 
necessary to perform target recognition or identification then higher SNR's 
are required for the same performance probability . 

The following sections contain a formulation of the TM equation, its application 
to the Wide Field Planetary Camera, and an interpretation of these results. 

10.2.2 Threshold Modulation Formulation 


The basic formulation of threshold modulation begins with the definitions of 
modulation and signal -to-noise ratio. Modulation is defined by considering two 
adjacent resolution elements producing respective signals of Sj and S 2 . 
Modulation (M) is then defined as 


S 1 -S 2 I _ AS 

Si+Si 


2S 


( 1 ) 


and the signal-to-noise ratio (SNR) is given by 

SNR = |S- ( 2 ) 

where. 


AS/2 = iSi-S2|/2, the incremental signal level about the mean 
5 = (Si+S 2 )/ 2 , the average signal level 
= the rms noise. 


* 


This calculation assumes a Gaussian process with a 50 percent 

probability of simultaneously detecting all three bars and two 

spaces of the tri^bar pattern. The probability of detecting an 

1/5 , . - 

individual bar or space is (0.5) ' = 0. 8? and requires a svgnal- 

to-noise ratio of ~ 1.5 to achieve this detection probability. 


t L. M. Biberman^ "Perception of Displayed Information", Chapter 5, 
'Plenum Press, New York, 197 Z. 
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By substituting (2) into (1), an expression for modulation 1n terms of SNR and 
rms noise results 


M = 



(3) 


It should be noticed that the parenthetical term In (3) has the same form as 
the definition for modulation shown In (1). Using this similarity, it is 
convenient to define this term as the "noise modulation" (6); 

6 = . (4) 

S 


Using the terminology in (3), the threshold modulation (TM) is that value of 
modulation which just equals the product of noise modulation and SNR, that is, 

TM = (SNR)6. (5> 


This equation represents the basic expression for threshold modulation. In 
general, it is a function of spatial frequency (v) since the noise modulation 
is a function of spatial frequency. To illustrate this, consider the noise 
power spectral density at the input to the K-th element in the image chain 
(jj|^(v). The associated rms noise at the output of the K-th element can be 
expressed as 




MTF^^v) <|.^{v) 



( 6 ) 


with the total rms noise given by 




MTFj^ (v) 


4>l^(v) 


dv 


1/2 


(7) 


where 


= gamma of the K-th image chain element 

l\ 

MTF^(v) = modulation tranfer function of K-th image chain element. 
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( 8 ) 


Finally, the noise modulation can be written as 


.»(v) = 

h 


r. o 


qiv) 

~i — 
L 


1/2 


Which illustrates the frequency dependence of the threshold modulation. 


Using the previous expressions, the rms noise at the output of an N-element 
imaging chain is 


c 

O 


(v) 


r N N 2 2 

2 ^>.(v)Tr Yq MTF fv) 
Lj=l ^ q=l ^ "I 


(9) 


and the resultant expression for threshold modulation at the output of this 
imaging chain is given by 


TM (v) = 
0 


(SNR)' 


N N 

Z ij>.(v) TT 
■J=l ^ q=l 




MTFq(v)+TMy] 


1/2 


(10) 


where TMy is visual modulation threshold below which a human observer, even 
under optimum viewing conditions, cannot distinguish the target from its 
background. TM^ is in the neighborhood of one to five percent modulation*. 


From linear system theory, it is known that for a given amount of modulation 
at the input to the imaging chain (Mj), the resultant modulation at the output 
(Mq) is given by the product of the input modulation and the cascaded transfer 
functions, that is 


N 

Mq{v) = Mj(v) TT y MTF (v). (11) 


* Ibid; Chapter 3 
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If the output threshold modulation TMq is substituted into (11) and the 
expression rearranged to solve for the resultant input threshold modulation, 
the following equation is obtained 


TMj(v) = 


N 

IT 

q=l 


TMq(v) 

V, «TF,(v) 


( 12 ) 


This equation illustrates that the threshold modulation required at the input 
to the imaging chain is simply related to the required output threshold 
modulation via the system transfer function. The system transfer function is 

N 

SYSTEM TRANSFER FUNCTION = ‘ it T MTF (v). 

q=l ^ " 


By combining equations (10) and (12), the final expression for the threshold 
modulation at the input to the imaging chain is obtained 


TMj(v) = 


1/2 

r N ^ 2 2 2 T 

l^(SNR)^ .^^.(v) MTFq(v)-»-TMy] J 




(13) 


This expression represents the objective of the preceding analysis. When the 
TM curve described by (13) is intersected by the incident target modulation 
curve, the frequency of intersection represents the limiting resolution. At 
this frequency, the modulation available in the target is just equal to the 
modulation required at the system's input to achieve the desired system 
performance. 

In the following section a TM equation for the Wide Field/ Planetary Camera 
is developed. This equation is based on CCD sensor characteristics described 
in a document entitled, Technical Proposal, Investigation Definition Team, 
Wide Field/Planetary Camera for Space Telescope , submitted by the California 
Institute of Technology, James A. Westphal, Principal Investigator. 
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10.2.3 WF/PC Threshold Modulation Equation 


In this section a first order expression for the threshold modulation equation 
for the WF/PC is derived. This expression utilizes the CCD characteristics 
described in the aforementioned document, and assumes that all elements in 
the WFC and PC imaging chains between the output of the CCD sensor and the 
reconstructed images contribute no degradation to the reconstructed images. 

This assumption is necessary due to the lack of specific information on these 
image chain elements. As a result, the first order expression for the TM equation 
will be optimistic in that the TM curve will be too low and the predicted limiting 
resolution too high.^ 

From the WF/PC reference document, the CCD is characterized as being photon 
noise limited (for nominal exposures) with 10 to 20 rms electrons and an 
MTF as illustrated in figure 10.2.3-1*. As a consequence of this characteriza- 
tion and the previous assumption, the TM equation reduces to a rather simple 
expression consisting of one noise term, one MTF term, the visual threshold 
modulation (TMy) term, and the signal-to-noise ratio. 


1.0 

0.8 
Lt_ 

LU 

I 0,6 

UJ 

i— i 

CO 

0.4 

0.2 

SINE WAVE MTF 
Hgici^e 10.2.3-1 

NYQUIST 

FREQUENCY 

SPATIAL FREQUENCY (CYCLES/irm) 



* This MTF has been reproduced from the WF/FC reference document. 
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10.2.3.1 Photon Noise Modulation - Using the definition of noise modulation 
from (4) and the fact that the rms photon noise (ap) is equal to the square 
root of the average signal level. 



the photon noise modulation can be expressed as 


s 



(14) 


The photon noise, expressed in mean-squared electrons, is given by 


cr 


2 

P 


ER 


P I 


MS-electrons; 


(15) 


where 


E = exposure, joules/M^ 

R = CCD responsivity, amps/watt 
A = CCD area, 

q = electronic charge, 1.6x10”^^ coulombs/electron. 

Using 20 rms electrons for the photon noise and a sensor area of 15yxl5y, the 
term in parenthesis in (15) can be evaluated as follows: 

M ■= 402 = 1.78x1012 MS-electrons/M2. (16) 

^ 2. 25x10" 10 

If this term is represented by the constant (K) and if the sensor area (A) is 
rewritten in terms of spatial frequency: 

A = , M2; (17) 

4v2 
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where v represents spatial frequency in cycles per millinieter; then the 
equation for the photon noise can be rewritten as 


a 


2 

P 


(v) 


Kxl0~6 

4v^ 


^ ’ 


(18) 


where 

K = 1.78x1012 MS-electrons/M2 

V = spatial frequency (c/mm) 

= Nyquist frequency, 33.3 c/mm. 

By substituting (18) into (14), an expression for the photon noise modulation 
results 


6(v) = 1.5 vxlO 


(19) 


10.2.3.2 The TM Equation - The threshold modulation at the output of the 
WF/PC can now be written as 


:v) = [s 


TMq(v) = SNR262(v) + TMy 


or 


TMq(v) = 10"2 


2.25-SNR2-v2x10"2 + 9 


3 , 


( 20 ) 


( 21 ) 


where 3 percent visual threshold modulation has been arbitrarily assumed*. 
Finally, the threshold modulation required at the input to the CCD is given by 


* Equations (19) and (20) do not contain the CCD transfer function, 
namely yMTF(v), since the photon noise is specified at the output 
of the CCD, rather than at its input. 
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TMj(v) = 


( 22 ) 


10 


•|2.25.SNR2.v2x 10'2 + oj 


Y.MTF(v) 


where 


y - CCD gamma = 1.0 

MTF(v) = CCD MTF illustrated in figure 10,2.3-1. 

When the signal-to-noise ratio required to perform a given task, such as 
detection, recognition, or identification, is substituted into the above 
equation, and the resultant curve intersected by the incident target modulation 
curves for the Wide Field and Planetary Cameras, the frequencies of intersection 
will represent the first order limits of resolution for these systems. These 
limits are identified in the following section. 

10.2^4 Resolution Limits 


To determine the resolution limits for the WFC and PC, signal-to-noise ratios 
of 1:1, 5:1, and 10:1 were selected to establish the first order performance 
bounds for these two systems. In addition, two values of target contrast (C), 
'« :1 and 2:1, were selected. The target contrast affects the modulation in 
the target Mj through the following relation 

Mt=^;1<C<.~. (23) 

For the selected values of target contrast, the corresponding values of target 
modulation are 100 percent and 33 percent, respectively. The target modulation 
is used to scale (multiply) the MTF of the taking optics; this scaled MTF 
represents the incident target modulation curve which is intersected with 
the TM curve to determine the limiting resolution. Occasionally, it is 
convenient to scale (divide) the TM curve by the target modulation, rather 
than scaling the taking optics MTF. Using this approach, the scaled TM curve 
is then intersected with the MTF of the taking optics to determine the limiting 
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resolution of the system. Following this approach, (22) can be rewritten as 

10‘2r2.25.SNR2.v2xl0"2 + 9I ^ 

Tm'(v) = =L (24) 

M-p.Y.MTF(v) 

This TM curve and the operational MTF's for the Wide Field and Planetary 
Cameras are illustrated in figures 10.2.4-1 and 10.2.4-2, respectively. These 
figures show that for SNR=10:1, and a contrast of 2:1, the lower limits of 
resolution are 11 Ip/mm and 9.5 Ip/mm, respectively. From these figures it 
can be seen that the upper resolution limit, for alias free operation, is 
set by the Nyquist frequency (33 Ip/mm) rather than the CCD noise. 

An interpretation of the resolution bounds for the Planetary camera is shown 
in figures 10.2.4-3 and 10.2.4-4. These figures are based on the following 
relationship between resolvable distance (RD) and limiting resolution: 

RD = — ^ . (25) 

fv 

where H is the distance to the planet, /is the system focal length, and v 
is the spatial frequency at the intersection of the TM curve with-the MTF 
curve of the optics. Since the spatial frequency cutoff of the optics determines 
the limiting resolution of the Space Telescope independent of the detector, a 
minimum resolvable distance can be defined as follows: 


MRO = , 

/v^ / D ’ 

where /# is the system /-number, D is the diameter of the entrance pupil of the 
optics (2.4 meters), and x is a nominal wavelength at 0.6 microns. 

As illustrated- in figures 10.2.4-3 and 10.2.4-4, the minimum resolved distance 
on Venus would be approximately lO"^ x Venus diameter. Theoretically, this is 
the best that can be obtained, based on the diameter of the Space Telescope and 
the distance to Venus. 
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NORMALIZED HTF NORMALIZED HTF 
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DISTANCE FROM EARTH (METERS) 



PLANETARY RESOLUTION 

Figtope 10.2,4-5 


RATIO OF RESOLVED 
DISTANCE TO PLANET 
DIAMETER 


© SPACE TELESCOPE LIKIT 
X CCO HYQUIST LIMIT 
Q PC/CCD LOWER LIKIT 


original PAGE 5G 
OF POOR QUALITY 


X * 0.6328 pm 


JUPITER 

e— X 




ATURN 


URANUS 
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©— X- 
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©— X- 


MARS 


O — X“ 


MERCURY 


© — Y.' 


PLUTO 




10 ** 3 


10 * 


10 " 1 


10 " 


Fiffure 10.2.4-4 


RESOLVED DISTANCE/PLAHET DIAMETER 
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NORMALIZED HTF 


Utilizing the CCD detector, however, the resolved distance of Venus would more 
realistically be 5x10"^ x Venus diameter (5X theoretical minimum). 

10.2.5 Pointing Stability Errors 

As shown in section 4.0, a pointing stability error will decrease the operational 
MTF of the optics. (In the change from a static manufacturing environment to a 
dynamic operational environment, the imaging performance is degraded by image 
motion.) Shown in figure 10.2.5-1 is the effect of pointing stability errors 
on a combined OTA with Planetary Camera, it should be noted that small pointing 
stability errors (based on the model in section 4.0) affect mainly the higher 
spatial frequencies'. Since the TM curve intersects the MTF curves below the 
Nyquist Frequency, relatively small pointing stability errors have little effect 
on planetary resolved distance. (It is emphasized that the Space Telescope is 
designed for a pointing stability error less than 0.007 arcseconds.) The effect 
of the pointing stability error on the resolved distance on Mars and Venus is 
shown in figure 10.2.5-2. Assuming a pointing stability error of 0.021 arc- 
seconds (3X Space Telescope limit), the resolved distance on Venus would be 
increased to 28 kilometers from a resolved distance of 22 kilometers with no 
pointing stability error. 



EFFECT OF POINTING STABILITY ERRORS ON 

A COMBINED OTA WITH PLANETARY CAMERA RESOLVED DISTANCE 


Figur>.e 10.2.5-1 Figure 10.2.5-2 
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11.0 CONCLUSIONS 


Utilizing the Kodak optical design evaluation software, it was shown for the 
wide field camera baseline design that the optical performance at the center 
of each CCD array is diffraction-limited. Image quality degrades rapidly, how- 
ever, for off-axis points on the CCD, The prominent field aberrations are field 
curvature and astigmatism. The field aberrations cannot be eliminated. 

Instead, they are partially cancelled by the introduction of compensating 
aberrations. The only effective degrees of freedom available for optimization 
are the asphericities of the relay primary and secondary mirrors. For the 
baseline design, these asphericities have been chosen to yield zero coma and 
zero spherical aberration. By changing these asphericities {conic aspheres 
to general aspheres) to improve off-axis and imagery, the condition of zero 
spherical aberration is sacrificed. Thus, off-axis performance is improved 
at a slight expense of on-axis performance. Similar to the Wide Field Camera, 
the Planetary Camera also has residual astigmatism and field curvature. However, 
the effect of these aberrations on image quality is negligible because this 
system operates at a higher /-number and has a smaller angular field. The 
baseline optical prescription, therefore, needs no modifications. 

From a manufacturing standpoint, the unmounted optics fall into three groups; 
piano surfaces, spherical pyramid, and aspherics. Based on the established 
system budgeting philosophy, there appear to be no significant problems in 
manufacturing- the unmounted piano surfaces using conventional Kodak piano 
processing and testing techniques. A procedure for assembly of an unmounted, 
four- faceted, pyramid mirror has been configured. Two areas of concern remain 
in its manufacturability. The first is the tolerance on the "sharpness" of 
the edges which affects the total field coverage, and the second is the scratch/ 
dig cosmetic requirements. A tolerance on the edge sharpness should be • 
established in the near future and compared with state-of-the-art manufacturing 
capability. Since the pyramid acts as a field lens, dust and dirt -- as well 
as scratches and digs on the surface — will be imaged directly onto the 
CCD. Specifications on the size and number of particles and surface defects 
should also be established in the near future and compared with state-of-the- 
art manufacturing capability. The Cassegrain primary and secondary mirrors 
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utilize conic and general aspheric surfaces. It is extremely important that 
these designed aspheric terms be incorporated into the manufactured surface. 
(The effect of nonconformance is a drastic loss in image quality in the field.) 
The approach chosen (Kodak area compensating tooling procedure) appears to be 
applicable. In this approach, the sytraaetric and asymmetric errors are 
determined interferometrically in a clean, "noise- free" environment. The 
symmetric and asymmetric errors are then addressed separately, with different 
tools. It should be noted that the deviation of the manufactured surface 
contour from the designed surface contour cannot exceed 3x10"^ inches at 
the edge of the 2-inch diameter WFC primary mirror. Similar tolerances 
are needed on the %-inch convex secondary mirrors, and analyses indicate that 
these unmounted components will be the most difficult of the optical elements 
in the WF/PC to manufacture. For these reasons, it is engineering judgement 
that the aspheric surfaces are within manufacturing state-of-the-art; however, 

a development program will be required to substantiate this finding. 

\ 

The Wide Field/Planetary Camera Optics Study has addressed manufacturability 

of unmounted optical components only. It is a basic assumption that these 

optical components will be mounted properly to within the allowable tolerances 

as allocated in. the WF/PC wavefront budget. ..-(Deflection induced in the 

manufactured unmounted WFC primary mirror, due to mount strain, cannot exceed 
-8 

6x10 inches.) Acceptance tests configured for the unmounted mirrors (based 
on interferometric testing with the interferometric data evaluation software) 
in a clean, "noise-free" environment should also be used "after mounting", and 
the results compared with the WF/PC wavefront budget for conformance of the 
optical mount. It should also be noted that the optical coating is in place. 
Contamination and improper handling during installation of the mount can 
destroy the coating. 

An acceptance test configuration has been established for the Cassegrain relay. 
The relay consists of two assemblies (mirrors with mounts). The configuration 
is based on interferometric alignment of the secondary mirror to the primary 
mirror. Again, testing would utilize the interferometric evaluation software 
in a clean, "noise-free" environment. Two properties of the Cassegrain would 
be obtained. The first describes the image quality over the field of view 
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and the second describes the location and contour of the focal surface. A 
special device called a focal surface reference fixture (FSRF) would be used 
in conjunction with the, interferometry. It is emphasized that a quantitative 
determination of image quality and a focal surface "map" require interferometric 
data evaluation techniques. The "classic" qualitative star test, utilizing a 
point source microscope, does not have the required accuracy. 

The Wide Field/Planetary Camera Optics Study established overall optical system 
requirements for a combined OTA with WF/PC. These performance requirements 
dictate interferometric testing (wavefront quality, alignment, and focus) during 
manufacture of the unmounted mirrors, during buildup, and at the total WF/PC 
level . 


197 

EASTMAN KODAK COMPANY • 901 ELMGROVE ROAD • ROCHESTER, NEW YORK 14650 



APPENDIX A •* OPTICAL TOLERANCE MATRIX 



APPEWIX A 


OPTICAL TOLERANCE MATRIX 

The optical tolerance matrix has been filled out based on several assumptions. 
The "firm" values have been obtained from section 8.5, Optical Tolerance 
Budgeting. As emphasized in this section, the budgeting philosophy is based 
on the Cassegrain primary mirror being the fixed reference for the system. 
Resultant perturbation analyses are based on this assumption. Also assumed 
is that this budgeting philosophy will be used and continued throughout the 
buildup (component level to camera level). 

The "firm" values were obtained from a direct comparison of data from the 
Kodak optical evaluation software and closed form equation solutions. The 
"preliminary" values have not been obtained through this depth of analysis and, 
in most cases, are based on engineering judgement. The "to be determined" 
values are based on the fact that not enough thermal /mechanical design informa- 
tion is available to perform an adequate analysis or to make an engineering 
judgement. This data is especially necessary in determining operational 
(dynamic) tolerances. 

It should be noted that radius tolerances on the piano surfaces have not been 
defined in the matrix. For surface quality levels of 0.01 wave, a figure error 
requirement with a test configuration will completely specify the piano 
surface (see section 8.1). 
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WF/PC OPTICAL SYSTEM 


OPTICAL ELEMENT MANUFACTURING REQUIREMENTS 


ELEMENT 

SURFACE 

RADIUS OR 
ASPHERIC 
COEFFI- 
CIENTS 

SURFACE ACCURACY 

THICKNESS 
PLUS TOL- 
ERANCE 

1 

MINIMUM 

CLEAR 

APERTURE 

PYRAMID 
ANGLE 
PLUS TOL- 
ERANCE 

RADIUS 

SURFACE ERROR 

(xw^s) 

1. Pick off 
Mi rror 

1 

PLANO 

N/A 

0.01 

N/A 

13.72* DIAG. 

N/A 

2. Filter 

1 

2 

PLANO 

PLANO 

N/A 

N/A 

0.01 

0.01 

■ 

** 

N/A 

3. Pyranid 

1 

306.84 

i 

j 

1.53 

0.05 

N/A 

f/12.9: 3.22 
f/30: 1.38 

50.149 
±0.020 
(see DUG. 
D231-123) 

4- //12.9 

Fold 
Mirror 

1 

PLANO 

N/A 

0.015 

N/A 

4.45* 

N/A 

5. //12.9 
Priinary 
Mirror 

1 

. 

40.5662 

V 

•c -.50006 
1 ♦ 3914992E-07 

Ag +.5B90965E-08 
Ag ♦ .6845064E-09 
Ajp- 1642629C-09 

0.20 

0.015 

N/A 

6.08 

N/A 


* Vrelimirtary value 
** To be determined 
N/A Not appl'icable 
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ro 

o 

o 


ELEMENT 

SURFACE 

RADIUS OR 
ASPHERIC 
COEFFI- 
CIENTS 

SURFACE ACCURACY 

THICKNESS 
PLUS TOL- 
ERANCE 

CLEAR 

APERTURE 

PYRAMID 
ANGLE 
PLUS TOL- 
ERANCE 

RADIUS 


6. //12.9 
Secondary 
Mirror 

1 

\ 26.54W 

< • 1.44906 
• ?7M794f.OS 
Aj - m2543E-04 
Ag ' .32241901*09 
Ajp - ,35022661*05 

0.14 

0.015 

N/A 

1.62 

N/A 

7. //30 

Fold 
Mirror 

1 

PLANO 

N/A 

0.01 

N/A 

2.26* 

N/A 

8. //30 
Primary 
Mi rror 

1 

Ry 51.7800 
K -.284 
^4 “ ^10 ® 

0.26 

0.015 

N/A 

5.30 

N/A 

9, //30 

Secondary 

Mirror 

1 

Ry 23.4330 
K -2.420 

N ■ ''lO ° 

0.12 

i 

0.015 

N/A 

1.40 

N/A 

10, CCD 
Window 

1 

2 

m 

N/A 

N/A 

0.01 

0.01 

1 

' 0.25 

40.02* 

1.72 

f/30’^ 

N/A 

11. CCD 

1 

PLANO 


N/A 

N/A 

f/12.9: 1.72 
//30: 1.72 

N/A 

1 


* Prelijninary value 
** To be determined 
N/A Not applicable 
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WF/PC OPTICAL SYSTEM 

ALLOWABLE OPTICAL ELEMENT POSITIONING TOLERANCES 


ro 

o 


9.5 


ELEMENT 

AIR- 

SPACE 

POSITIONING & LONG-TERM STABILITY TOLERANCE 

STABILITY TOLERANCE 
DURING AN EXPOSURE 

AIRSPACE 

^ A Z (min) 

DE-CENTER 
+ a x/y(«)n) 

TILT 

A0 x/yH") 

AIRSPACE 
± A Z (v) 

DE-CENTER 
+ A x/y (p) 

TILT 

+ aO x/y (s«) 

WF/PC Inter- 
face with 
the SSM 


0.1 

0.5 

.16 

0.5 

0.5 

0.003 







# 

Pick-Off 

Mirror 

— 

— 

0.5* 

10* 




17.5276 

0.2* 




Filter 

1.0* 

5* 




18.7579 

0.2* 




. 


Pyramid 

^ 0.5* 

! 

2* 




16.0462 

0.1* 




f/12.9 

Fold 

1 

2.0* 

2* 




Mirror 

To f/12.9 
Primary 





//12.9 
Relay Optics 
Subassembly 

96.9957 

0.1* 

0.5* 

5* 




— 

— 





* 'Pretiminary value 
** To he determined 
1‘1/A Hot applicable 
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ro 

o 

ro 


O Q 
o ^ 


^ tn 



ELEMENT 

AIR- 

SPACE 

f/12.9 

Primary 

Mirror 

1 

t 

1 

16.2590 

f/12.9 
Secondary 
Ml rror 

20.7315 

CCD 

Window 

(BACK SURFACE) 

0.1011 

CCD 

! 


* ?retiminary value 
** i’o determined 
N/A Not applicable 
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ro 

o 

00 


ELEMENT 

AIR- 

SPACE 

POSITIONIMG & LONG-TERM STABILITY TOLERANCE 

STABILITY TOLERANCE 
DURING AN EXPOSURE 

AIRSPACE 
+ A Z (mm) 

DE-CENTER 
+ A x/y(mm] 

TILT 

+ a 9 x/y("in) 

AIRSPACE 
± A Z 

DE-CENTER 
+ A x/y 

TILT 

+ a 9 x/y 

— 


— - 

0.5* 

2* 




From 

Pyramid 

15.9102 

0.1* 



//30 

Fold Mirror 

2.0* 

2* 

- . 


To //30 
Primary 

97.1469 

0.1* 

1 


J730 

Relay Optics 
Subassembly 

0.5* 

5* 



//30 

Primary 

Mirror 

0.0 

REF. 

0.0 

REF. 



24.6470 

0.03 


J730 

Secondary 

Mirror 

0.4 

3 



37.5603 

0.02 


CCD Window 
{BACK SURFACE) 

2.0* 

1* 



— 

— 







* Preliminary value 
** To he determined 
N/A Not appliaable 
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ro 

o 


ELEMENT 

AIR- 

SPACE 

POSITIONING & LONG-TERM STABILITY TOLERANCE 

STABILITY TOLERANCE 
DURING AN EXPOSURE 

AIRSPACE 
+ A Z (mm) 


TILT 

+ A0 X/y(nln) 

AIRSPACE 
+ A Z 

OE-CENTER 
+ A x/y 

TILT 
+ AO x/y 

CCD 



2.0* 

1* 




















































^ Vvel^iminary value 
** To he determined 
N/A Not applicable 
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tJOTES t 
I. MATGRIALt 

U THE MATERIAL USED SMAU. CORWIKJG’’ FUSED 5»U\CA,M0 T?40 


1 a TWE o< OF all the material used Tt> FABRtCATG ANY 
MIRROR BLAWK SHAtl BE aoSiDOZ^aO*** Ik|/IM/X 
CWER ATEMPERATURfi RAKIGE OF-2CTTO£0*C WtTH A 
, SSV* CONROeUCE LEVEL. 

2 . GLASS quality. 

2,1 INCLOSICNS SUCH AS BJ6BLES AMD 5EE05 UJlYMm 1VIE,0 4 
^ CEMTIWIETER. THlCkl'CRniCAL t<MV SHOVJJM OM TWE OmU^NG 

a>v\ALL MOT EJttEED 0051 CENTIMETERS IKJ KAEKN DAMETtl3. 
there shall be no more than am average of O.OE. PER 
CUBIC CGMTIMETEP. AVERAGE 5J^G OF SUCH IwauSIOMS SHALL 
BE NO GREATER THWJ 0061 CENTlMETCRS MEAN CKAWlETEia 

2Z OPAQUE 1NCL\JS\0WS Ul^TMlW TWE 0.4 CEViTiWIETEG. '\^\OC 
' C.WTTCA\_ ^jowe.' SWOVJUM OM THC C«A\U1NG GNAIU MOT 
EXOSSD OCa\ CtMTlSAETEI^S IM MEAM DIAMETER. . THERE 
_ SWfiU- BE iviO SiOfte TMtJkS AW AJ^SEMiE: OP OOI P&R. 0>BtC 

C CEMTIUETER, 

3 AWMEAL 

2\ b^izcprimgemce laeasurememts shall be made 

PEliPEUDlCULA^ TOTME 4,GG CEHTIMETEG SiOaFACE.TWe 
RELATIVE aETPsROAmoM leESOLTtNQ PROM PEEMAMENT iSTCAlM 
6Hfi.lL BE MO MOZE THAN ZOMa>. FER CENTIMETER OF UGHT PATH 


B 
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2 
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lOOTESi 

I. SUBFACe 1 SHAU BE A FIGURE OF REVOLUTIOM AWO SHALL COUFOl^M 
TO THE ASPHERIC EQUATION 

WHERE? 

X* SAG IM CEWTIMETERS OF THE ASPHERIC SURFACE RELATIVE TO A PLAWE 
LOCATED AT THE VERTEX AND NORSAAL TO THE OPTICAL AAIS 


C= ■ 


1 


K 

o 

cn 


5GGZ 

LI TUE NOMiMAt VERTEX RADIUS OF THE ASPHERIC SURFACE SHALL BE AX SCGZ CEMTIMETERS 
U1 SUBFACE 1 SHALL NOT DEVIATE FROW THE ASPHERIC CURVATURE BT MORE THAW OOI5WAVELEN6TH (PMS) 
(ROOT MEAN square) AFTER REFLECTiVE CCAJIMS. (WAVELENGTH REFERENCE IS OGS28 MiCROUS) 

AS WEASURED WITH THE TEST SET- LIP SHOWN IN 0^126. THE SRiD SPNCIkK OF THE SAMPLE POIMTS ON 
THE MIRROR SURFACE SHALL NOT EXLCSEO Oi5 C6HTIWET&RS. 

I.S THE ASPHERIC TABLE OP COEFFICIENTS SHOWN BEUCW IS BASED ON THE NOMINAL VALUE OF THE VERTEX RADIUS. 
K= -0.5000G E»+O.S91499iE-OT +a5S9096SE -08 

G* + O.G84S064E -09 H = -0. 1642GZ9E-09 
. CLEAIR APERTURE: 

2.1 SURFACE-1 SHALL HAVE A CLEAR APERTURE BOUNDED ON THE OUTSIDE BT A OVAMETER OF G.046 
CENTIMETERS MINIMUM AMO ON THE INSIDE BY AOtAMETER OF LG7G CEHriMETERS MAXIMUM. 

Z2 FOR ALL MIRROR TESTS BEFORE COATING, SURFACE -1 SHALL HA/E AM UHCOATED CLEAR 
APERTURE BOUNDED ON THE OUTSIDE BY A DiAM£TSR QF G.04.8 CEMTIMETBRS MINIMUM 
AND ON THE INSIDE BY A CIRCLE OF IG7G CENTIMETERS MAXIMUM. 

..SURFACES MARKED 'P*' POLISHED, ALL OTHERS GROUND TO A FINISH ECJUIVALENT TO 120 
GRIT OR BETTER AND FELT POLISHED. 

REFLECTIVE COATING? 

surface - 1 SHALL CONTOPM TO NOTE l.Z AFTER COATING. 

4.2 SURFACE “i SHALL BE COATED V/ITH 800 ANGSTROMS OF ALUMINUM WITH 2S0 ANGSTROMS 
OF MAGNESIUM FlUORlOE AS A PROTECTIVE CCATIMG. 

4S BURFAce-1 SHALL HAVE A MINIMUM REFLECTANCE OF 70*^ AT A WAVELENGTH OF 01200 

MICRONS AND A MINIMUM REFLECTANCE OF 8SZ AT063Z© MICRONS WHEN MEASURED AT NORMAL INCIDENCE 
4.4 SURFACE CLEANING SHALL BE W ACCORDANCE WITH ^ . 

5. THE OPTICAL VERTEX SHALL BE WITHIN ^ CENTIMETERS RADIALLY OF THE MBCHM^ICAL VERTEX. 

G. ©VSTGU AXES: 

G.l ANGULAR ORIENTATION OF THE Y AXIS SHALL CONSIDER OPTIMI-ZATIOM OF THE ASSEMBLED 
SYSTEM WAVEFRONT BY RCSTATIONAL MATCHING OF THE PRIMARY AND SECONDARY M/RRORS. 

G.2 THE Y AMS SH^LL BE IDENTIFIED BY A O OIS CENTIMETER W'OE UME ON GURFACB 2. 

IDEMTIFYING CHARACTER AMD LIME SHALL BE DRAWN PER ^ . 

COLOR: FLAT BLACK MAT'L REQ'D. 

7. THE autocorrelation LENGTH OF THE SYSTEM WAVEFRONT ERROR SHAUL BE 0.12S DR 
longer when modeled as a GAUSSIAN FUNCTION CNER THE SPATIAL FREQUENCIES FROM 
0-20 CYCLES PER PUPIL DlAUETER. 

8. SURFACE quality 20 -S’. M1L-0-13S30A 

9. THE MAXIMUM SURFACE ROUGHNESS SHALL BE 80 ANGSTROMS RMS. 


■ 6,S(i (reference^ 


SURFACE 2 


SURFACE 1 



cugAR APecTURe 
Ste Nots 2 


L. aEAR APCRruRE 
SEE NOTE 2 


^ = TO B£ DETGPWIWEO 


UNL«a« OTWI|HWI#««l*ECIFIED 
UM«A>rnx«KM.ct 1 »02S Cm 

ANOUlAH'WXtlOWWiJt ” ^ 

(mmihim*m AMtM CtNTlMETE&S 
KAO «»00^>CT OCIMJN ITANDAHOm AP«.Y 


MATCniAL 

make from 
D231-H5 



BASITVIAN KODAK CO. 

KOCAK APPAHATUO PIVJflON 

hoCHesren. n y 

«« THft>;a‘tT 


CM. 

s;;, P A.TOJCS 

DfTO, 

MTO 

n« 

omo. c»*o HO 





MWrUMOOt* 


NAMt PRIMARY MIRROR', 
WIDE FIELD CAMERA 
wf/pc. 




DZ 3 I- IIG 


















8 I 7 I 6 ■ I 5 t 

NOTES! 


t.O TV/0 TEST CONF1GURATIOWS HAVE BEEKJ ESTABUSHED, 

2.0 AN AXXEPTABLE TEST IMTERFER06RAM MAY COMTAJM A M/W OP ¥H- WAVE COMA. THE COMA 
CORRESPONDS 7D A DECO^RINS OF THE VERTEX OF THE PRIMARY MIRROR RELATIVE TO 
THE TEST AXIS OF Itt CM. COMA IS CERNED IM THE FOLLOWIM© RGURE f 


T 


LZ 


t?MA 



3.0 IW COMFl6URA*nON THE PRIMARY MJRROR SURFACE ERROR IS CALCULATED 8T THE EQUATION t 
E(Xy) -‘^zOPDCXY) + BO(X,Y) WHERE E(X.Y) IS EQUAL TO THE PRIMARY MIRROR SURFACE 
ERROR AT POINT X.Y ON THE SURFACE DERNED AS THE SA^ OF THE ACRJAL SURPACE MINUS 
THE SAG OF THE. DESIRED SURFACE .{ HENCE * A HILL ON THE ACTUAL SURFACE IS A POSITIVE 
SURFACE ERROR V OPD (X,V) • THE MEASURED WAVEFRONT OPTICAL RATH LENGTH DIFFERENCE 
CORRESPDNOIN& TO POINT X Y ON THE PRIMARY MIRROR SURFACE . THE OPD SIGN CONVENTIOM 
IS THAT A POSITIVE OPD VALUE CORRESPONDS TO A LEADING WAVEFRONT SUCH AS WOULD BE 
PRODUCED BY A HILL ON THE PRIMARY MIRROR SURFACE, BO(XY) IS EQUAL TO THE 
BACKOUT EQUATION FOR TEST RESIDUALS . THE VALUE OF THE BAC^touT EQUATION AT POINT X,Y 
IS TO BE ADDED TO THE VALUE OF SURFACE OPD AT POINT xy AS STATED IN THE PRECEDING 
EQUATION . THE BACKOUT EQUATION FOR THE PRIMARY MIRROR SURPACE CONTOUR IS A 
BADIALLV SYMMETRIC FUNCTION EXPRESSED IN UNITS OF CENTIMETERS i 




o 



PM RADIAL POSITION (CM) 

4 O IN CONP6URATION , THE PRIMARY MIRROR SURFACE ERROR IS CALCULATED BY THE EQUATION t 

e(x,y) - J^»opd(x,y) - ‘A rCx.v) + ao(x,Y) where e(xy) ,opo(x,y) and Bo(yy) are defined in 

NOTE 3 0. R(XY) - THE RETROREFLECTOR WAVEFRONT ERROR AS DETERMINED FRCM DIRECT 
CAUBRATIOKI WrTM AN INTERFEROMETER 
Bo(xy) .• I 



PM RADIAL f=^rnON (cm) 
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PRIMARY MIRROR ACCEPTAMCE 

FINISH 
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MOTES I 

1. MATERIAL* 

D M THE material USEO SHALL BE CORNING*' FU^EO SlUC\,MO T940 

\.2 COEFPCIEMT OF THERMAL G>iPAW6lOH M 

L2.I THE Of OF ALL TUG MATEGIAL USED TO FABRICATE ANY 
MIRROR BLANK SHALL BE 0.00 tN/IM/®C 

CNER A temperature RANGE OF'^C/C TO ao’C WITH A 
95 Vo CONFIDGKCe LEVEL, 

2 , GLASS QUALITY « 

2. 1 INCLUSIONS SUCH AS BUBBLES AND SEEDS \UnmU THE OA 

— cemtiwetee m\OL “ ce^tical zone" shovwn cm the yxmm shkil 

l^T EiiCEEP OOOl CEWnUEiees IVJ UEAM OWElrEE. 

THERE SHALL BE MO MORE THAN AN AVGRAfie. OF 0 02. PER 
CUBIC CENTIMETER. AVERAGE SIZE OF SUCH IMCLUfilONS SHALL 
BE NO GREATER THAH 0030 . CENTIMETERS \M MEfc>l DlAUETER . 

2.2 OPAQUE INCLUSIONS VJITHIW THE 04 CEUTIMETEH THICK 
‘CRITICAL ZONE' CHO\WW ON T»t ORftiAhMQ SHML MOT EKEEO 
0 00\ CEMTIUETERS iKi MEAN DUlWETEE, THERE aHALL BE MO 
MORE THAN AM AMERIvGE OF 00\ PE2 CUa\C CEMTlUtTEK 

^ 3 ANNEAL* 

a I BIRETOINGEMCE MEASURE MENTS SHAIL BE WADE PERPEMDICUUR 

VO THE l.<J 3 CEMTIUETER SURFACE. THE RELATWE peiAROATlOM 
RESULTIMG FTZOM PERMANENT STRAIN SHAa BE MO MORE THAN 
20 M>*. PER CENTIMETER OF UQHT PATH. 
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to 
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-OACRinCAC €0N£ 
SEC MOTE 2. 


: To BG determined 
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NOTES • 

1. SURFACE 1 SHALL BE A FISUR£ OT REVOLUTION AND SHALL CONFORM 
TO THE ASPHERIC EQUATION 


U /l-{K+nc^ 


+ EY^ +FY'^4GY® + HY’° 


WHERE t 

X» SAG W CENTIMETERS OF THE ASPHERIC SURFACE RELATIVE TO A PLANE 
LOCATED AT THE VERTEX ANONOlTMAL TO THE OPTICAL AXIS 
I 

l.t THE NOMIMAL VERTEX RADIUS OF THE ASPHERIC SURFACE SHALL SC 2a.54C2 ±014 CENTIMETERS. 

11 SURFACE I SHALL HOT DEVIATE FROM THE ASPHERIC CURVATURE BY MORE THAW O.OIS WAVELENGTH (RMS) 

(ROOT MEAN SQUARE) AFTER REFLECTIVE COATTWa CWAVELEWGTH REFERENCE IS 0.6^28 WICROHS) 

AS MEASURED WITH THE TEST SET-OP SHOWN IH OZBl'lZO.THG GRID SWCWG OF THE SAMPLE POINTS ON 
THE MIRROR SURFACE SHALL NOT EXCEED O.C£ CENTIMETERS. 

THE ASPHERIC TABLE OF COEFFICIENTS SHOWN BE^OW IS BASED OHTHE NOMIIOAL VALUE OF THE VERTEX RADIUS. 

K' - G.C^SOB -.£77179^0 -OS* , F* -Z*?6ZS43E -05 

G- '-32l24l9ai:-Ct5 -35lB2Za6E:-0ff 

2. CLEAR APERTURE t- 

21 SURFACE-! SHALL HWE A aEAR APERTURE OF It - - CENTIMETERS DIAMETER. 

tZ FOR AIL MIRROR TESTS BEFORE COATING, SURFALfi- 1. SWLLL HAVE AN UMCOWED CLEAR 
APERTURE OF - CBMTIMErEES IMMerER. 

3. SURFACES MARVCED *P* POLISHED, ALL OTHERS GROUND TO A FINISH feQOwALeNT TO 120 
GRIT OR 8ETTER AND FELT POLlSHEa 

4. REFLECTNE COATING i 

4.1 SURFACE -1 SHALL CONFORM TO NOTE \,Z AFTER CCATINS. , 

4.2 SURFACE -i SHAJLL BE COATED WITH 0OO ANGSTROMS OF ALUMINUM WITH 260 ANGSTROMS 
OF MAGNESIUM FLUORIDE AS A PROTECTIVE COATING. 

AS SURFACE -1 SHALL HAVE A MINIMUM REFLECTAHCE OF AT AWA/ELENGTH OF Okl^OO 

MICRONS AND A MINIMUM REFLECTAKC6 OF 8E;^Al7053?iO'MlCRONS, WHEN KEASUREDAT NORMAL INGOEMCC. 
44 SURFACE CLEANING SHALL BE N ACCORDANCE WITH PROCEDURE iA . 

5 THE OPTICAL VERTEX SHALL BE WHIN 002 CENTIMETERS RADIALLY OP THE MECHANICAL VERTEX. / 

G. SYSTEM AXES* i I 

G.j AN6ULAR ORIENTATION OF THE Y AXIS SHALL CONSIDER OPTlMlBATlON OF THE ASSEMBLED J 

SYSTEM WAVEFRONT BY RCfTATlONAL MATCHING OF THE PRIMARY AND SECOWDWlY MiRRORS. 1 1 

G.2 THE Y AXIS SHALL BB IDEWTIFISO BY A C OIB CENTIMETER WIDE LINE ON SURFACE 2. 

IDENTIFYING CHARACTER AND UNE SHALL BE DRAWN PER -Ifc. \ 

COLOR 4 FLAT BLACK MAt'L REQ'd, 

7. THE autocorrelation LENGTH OFTHH SYSTEM WAVEFRONT ERROR SHALL BE 0.128 OR 
LONGER WHEN MODELED AG A GAUSSIAN FUNCTION O/ER THE SPATIAL FREQUENCIES FROM 
0-20 CYCLES PER PUPIL DiAMersF:. 

5, SUKF^G QUAUTY R0sS;Wa.-O-i3B30A. 

9, THE MAXIMUM SURFACE ROUGHNESS SHALL 86 -30 ANGSTROMS RMS. ‘ 


D2BI-II9 
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NOTES t 

iJQ TVJO M.TERNME 


TES>T COMF\GU;ib.*T\ONa HWE QEEM 


2.0 AN yCCEPTABLE TEST INTERFEROGRANA MAY COMTWN A MA>C OF ^ WAVE COMA. 

TWB COMA CORRESPONDS TO A DECENTERJNC^ OF THE VERTEX OF THE 5GC0N0ARV 
RELATIVE TO 1HE TEST AXIS OF ^ Cm. CO VIA IS DEF WED IN THE FOLUOV/ING FIGURE t 



ly 

r 

APERTURE 


\— COMA 


■ rNTERFEROMETER FOCUS ^ I 


NINDLE SPHERE 




ISO 

o 


9.0 mC0NflGUR[0\0W*l, THE SECONDARY MTOR SURFACE ERROR. IS CMJCULATEO BV THE EOUATIQW. 

E (X.Y) ^ 1/4 OP D (X,Y) - 1/2. N (XiY)i* BO(X^^ WHERE E (XjY) EQUAL TO 
THE SECOHOARY MIRROR SURFACE ERROR AT PO(I^T X^Y ON THE SURFACE DEFtNEO AS 
THE SAG OF THE ACTUAL SURFACE MINUS THE SAG OF THE DESIRED SURFACE. C«ENCE, 

A "Hia" ON THE actual SURFACE ISA POSITIVE SURF^^CH ERROR). OPO«Y)= THE 
MEASURED WAVEFRONT OPTICAL PATH LENGTH OlFFEREWCE CORRESPONDING TO POINT 
XiY ON THE SECONDARY MIRROR SURFACE. THE OPO SIGN COHVCNTlON IS THAT A 
POSITIVE OPO VALUE CORRCSPOmOS TO A LEADING V/WEFRONT SUCH AS WOULD BE PROOOCED 
Br A "HILL'* ON THE SECONDARY MIRROR SURFACE , SO <^^Y) IS EQUAL TO THE BAC^COUT 
EQUATION FOR TEST RESIDUALS. THE VALUE OF THE SACKOUf EQUATION AT POINT 
IS TO BE ADDED TO THE VALUE OF SURFACE OPO AT POINT X^Y AS STATED IN THE 
PRECEDIW& EC?UAnON, THE BACNOUT EQUATION FOR THE SECONDARY MIRROR SURFACE 

CONTOUR IS A RADIALLY SYMMETRIC FUNCTION EXPRESSED IN UNITS OF CEWlMeTERS; 80 (xjY)= ^ # 

H(%,H)-THC HiNOLE SPHERE eV)^F^CE EERCE AS DETEEMWEO FKIWI DKCT tMTOFtEOUETeiC CiUeeWlOM 

d O SOEFACE 2 SHALL 0E OPHLEICAL vinHIVi OOL VJL\SLEViOTU 0^2 TWt CLEAE APEI^TBRE mU EEFEEevJCED TO CL»2A WlCeON U6HT 
d I THE CLEti^ AP6ETURE OF SURFACE Z ^IL BE 3707 CU MIMOD AWO O.C»S9 WAV I D 
A1 SURFACE 2 IS TO BE POL1SHEO. ALL OTHER HlNDLE SPHERE SURFACES ARE TO BE GROUND 
TO A FINISH ‘equivalent To A 120 GRIT OR BETTER AND FELT POLISHED 
4.S SURFACE QUALITY - 50/30, IN ACCORDANCE WITH MIL-0-B830 A. 

4.4 SURFACE Z SHALL CONFORM TO NOTE 40 AFTER COATING. SuRPACS Z SHALL HAVE A HIGH 
REFLECTANCE COATING APPLIED. THE MINIMUM AVERAGE REFLECTANCE OF THE SURFACE 
e COATING SHALL BE 95% OR GREATER AT THE SPECTRAL WAVELENGTH OF 0.GB2B MICRONS 

• WHEN MEASURED NORMAL TO THE SURFACE. 

4.5 SURFACE CLEANING SHALL BE IN ACCORDANCE WITH PPOCGOURE itz 

4.6 SURFACE Z SHALL BE A SPHERICAL RGURE OF REVOUiJTiOW WITH A SPHEfilC^L VERTEX RADIUS OF 1ft 331 i » CEMTIMETER3. 

'^’Tarkr K.E.F-Q-H.O 

5.0 A LINE THROUGH INTERFEROMETER FOCI POINTS \4Z MUST RASiTHROOGM THE SECONDARY MlWOR SURFACE 
V«\TWIN *i OF the mechanical CENTER 

G.0 IN CONFIGURATION THE SECONDARY SUBFACE ERROR IS CALCULATED BY THE EQUATION. 

OPD(X.V)-LS(Xy)*0PD.fC!(,V);] V BO to) WHERE ECXY). OPDCX.Y) BO(X.Y) ARE DEFINED IN MOTE 30 
aCx,y)*THE MEASURED SURFACE ERROR CORRESPONOlUQ TO POINT X.V ON THE TIST GlASS 
OPDr(X,V) » THE MEASURED TGANSWnTED WAVEFRONT OPHCAL R^TH LENGTH DIFFEREUCE CORRESPOIJD^UA 
TO POINT XV ON 'THE TEST GUSS 

7.0 SURFACES SAND 4 SHALL BE SPHERICAL VJITHIM 002. WAVELENGTH RMS OVER THE CLEAR APERTURE WIEN 
REFERENCED TO 0^52.5 MICRON LIGHT 

*7i YHC CLEAR APERTURE OF SURFACES SAND 4 4MALL BE Vk 

l.Z SURFACES 3 AND 4 TO BE POLISHED All OTHER SURFACES AEE TO BE GROUND TO A 
FINISH EQDVVJALENT TO A 120 GRIT OB BETTER AND FELT POUSHED. 

73 SURFACE QUALITY -SO /30 IM ACCORDANCE WITH MIL- O- \382>OA 

7.4 SURFACE 3 SHALL CONFORM TO NOTE TO AFTER COATING. SURFACE 3 OH AU HAVE A 
REFLECTANCE COATING APPLIED, THE MINIMUM AVERAGE REFLECTANCE OF THE SOVIkCE 
3 COATING SHALL BE GO? AT THE SPECTRAL WAVELENGTH OF O.G320 MICRONS 
WHEN MEASURED UORUlAL TO THE SURFACE. 

7.5 SURFACES -a AND 4 CLEANING SHALL BE IN ACCORDANCE WITH PROCEDURE * 

7G eORFACES 3 AMD 4 SHALL BE SPHERICAL FIGURES OF (REVOLUTION WITH NOUIMAL 
SPHERICAL NERTEX RADU OF ZB.5dG'2,t>t 

B.O A LINE THROUGH IViTERFEROMETER FOCI POINT ♦G AND THE MECHANICAL CENTER 
OF SORFACE S MOST PASS THROUGH THE GEC0NDW5V MiRCQR SURFACE WITHIN 
« OF THE MECUAIUICAL CENTER. 
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Configuration ^ 1 
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Configuration ^ 1 
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N07£Si 

A SO/fFAC^S / T/f/iOOQ/f 3//ALL BS SP//£/^/CAi. FfGVPCS OF' /fFVOZUF/O//, T^£‘ 

VFBTEX RADIOS SPA /LI SS CPAfT/AfPTF'RS. 

// SORFACPS / rPAOUGp •* SPAIA POT DFV/ATS FPOAf TPS SPP£‘R/CAA CUPVATOf^S BY 
■ MOPS rPAP O OS WAVStSPSTP (RAfS) (pOOT MSAP SQUABS) A STSP pSp^SCT/yS 
COATMG (V/AYSlSpsrP RSSSRSPCS /S O.G3SS Af/CPOPS) AS* AfSASOBSB W/TP TPS 
TSST SST'UP^SPO/YP /P B e3/-/S3. TPS, GR/B SRAC/P& OF TPS SAAfFAS Fo/PTS OP 
ms Af/PPOR SORFACS SPALA. POT SXCSSJ> O.OG CSPT/AfSrSPS, 

£, CLEAR APSRTVRS 

1 ./ SORFACSS / TPROUOP ^ SPA^S PAYS A C4.SAR APSBrURS BOOPBSB OP TPS OUTS/BS 
BY A B/AMSrSR OF CSPT/PSTSRS, 

2.2 FOR ALL M/RROR TSSTS BSFORS COAT/PGt SURFACSS / TPROUGP P- SPASl PAVS 
AP UPCOATS& CISAR APSRTORS SOUPBSB OP TPS OUTS/BS BY A B/AMSTSR OS 
p- CSPTJPfSrSRS Af/P/AfPM^ 

Si SURFACSS MAR PS B *P~ POA/SPSBt ALL OrPSRS *GROVPB TO A F/P/Sp SOO/YALSPT 70 
/20'SR/T OR J5STTSR APB FSLT ROL/SPSB. 

4- RSFISCT/VS COAT/PS 

4/ SURFACSS / TPROUGP 4 SPALL' COPFORM TO POTS A/ AFTSR COAT/PG, 

SURFAC.SS f TPROOGP 4 SPALL BS COATSB P/TP BOO APGSTPOMS OF ALUM/PUAf 
WtTN 2SO APS STROMS OF MAOPSS/OM FLUQR/BS , AS A RPOTSOT/PS COAT/PS, 

4.3 SOHFACSS / TPROOGP 4- SPALL PAVF A /4/PfMi//4 RSFLSCTAPCS OF 70?L AT A ‘ 
WAVSLSPSTP OF 0/200 M/CROPS APB A Of/P/MC^M RSFLSCTAPCR OF GSX AT 

0,0 sea Mf CROPS ppsp psasursb at formal /pc/bspcs, 

4 4 ' SORFACS CLSAP/PG SPALL BS /P ACCORBAPCS P/TP iff-, 

JL TPS LOCAT/OPS OF TPS CSPTSR OF CORYA7URSS OF SORFACSS / TPROUGP 4 AFTS/R 
RSFLSCT/YS CCAT/PG SPALL SS AtSASORSB P/TP TSST SST-OP SPOWP /P D 23/^723, 

SJ TPS.LOCAT/OPS of TPS CSPTSR OF CORYATURSS Op TPS RSFSRSPCS TSAf FLATS 
SFOPP /p 2>23/’^/23' 3PAL£. BS SO./4f^ Rf CSPT/MSTSR3, ' 

3 S*2 TPS OFT/CAL VSR7SX Op SORFACS3 / TPROOGP 4- SPALL BS P/TP/P CSPT/MSYSRS 

■> RAD/ALLX OF TPS AtSCJ/AP/CAL VSRTSX, 

> S3 SORFACSS LABSLSB W/TP TPS /BSPT/F/CAT/OP L/ PS OP B23/-/2/ SPALL BS 
/PSfBE SORFACSS PPSP /PSTALLSB OR SORFAOS S, 

0, SORFACS BOPB/PG SPALL BS /P ACCOR DAPCS W/TP iff-, 

7 . A SORFACS QOAL/TY OF /O-/ SPALL BS GOAL WfTR A SUKFfiCE QLtALfTV CP 
fO-S" A FEQUlJiEfTmr ) MfL-0-JS©30A 

a. TNr MAXIMUM SUf2/%C£ raoUGW/^S SMALL BS tS ANGSTROMS RMS . 
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NOTES I 


i.O AN ACCEPTASUE: test INTERFER06RAM MAV CONTAIN A hW OP ^ COHA.THIS COMA CORRESPONDS 

TO A DECJENTERINS OP THE VERTEX OP THE PYRAMID MIRROR FACET RELATTVE TO THE TEST AXIS 
OP COMA IS DEFINED IN THE FDLLOWINS FIGURE X _ i i p 

COMA 



ro 

CO 


20 IN COMRGURATIOM THE PYRAMID MIRROR FACET SURFACE ERROR IS CALCULATED BY TWE EQUAT10M» 

e(x,y) - Yz 0 PD(y,v) - [s(xy )+ opdt (xtO ^ bo^.y) 

WHERE E()fY) IS EQUAL TO THE P»T?AM10 MIRROR SURFACE ERROR AT POINT X.Y ON THE 'SURFACE pEFJMED 
AS THE SAG OF THE ACTUAL SURFACE MINUS THE SAG OF THE DESIRED SURFACE. (HENCE » A HILL ON THE 
ACTUAL SURFACE IS A POSITIVE SURFACE ERROR). OPD (X,Y) - THE MEASURED WAVEFRONT OPTICAL 
PATH LENGTH DIFFERENCE CORRESPONDINS TO POINT X,V OKi THE PYRAMID MIRROR FACET SURFACE , 

THE OPD SIGN CONVENTIOVl IS THAT A POSmYE OPO VALUE CORRESFONDS TD A LEADING WAv^FRONT 
SUCH AS WOULD BE PRODUCED BY A HILl" ON THE PYRAMID MIRROR FACET SURFACE. 0O (X,V) IS EQUAL 
TO THE BACKOUT EQUATION FOR TEST RESIDUALS . THE VALUE OF THE BACKOUT EQUATION AT FYJINT X,Y 
IS TO BE ADPED TO THE VALUE OF SURFACE OPO AT POINT Xy AS STWED IN THE PRECEDING EQUATIOM . 

THE BACkOUr EQUATION FOR THE PYRAMID MIRROR FACET SURFACE .CONTOUR IS A RADIALLY 
SYMMETRIC FUNCTION EXPRESSED IN UNITS OF CENTIMETERS * B0(X,Y) - S(X»Y) - THE MEASURED 
SURFACE ERROR GORRCSPONDINS TO POINT X.Y ON THE TEST GLASS, OPCy(X,Y) - THE MEASURET> 
TRANSMCTTED WAVEFRONT OPTICAL RATHLENSTH DIFFERENCE CORRESPONDING TO POINT X,Y ON THE 
TEST GLASS . 

3.0 SURFACE 1 SHALL BE PLANO AND SURFACE 2 SHALL BE SPHERICAL WITHIN 0.02 WW/ELENGTH RMS 
OVER T>C CLEAR APERTURE WHEN REFERENCED TO 0.6320 MICRON LIGHT. 

3.1 THE CLEAR APERTURE OF SURFACES I AND 2 SHALL BE M 0 CENTIMETERS MINIMUM IN DIAMETER. 

3.2 SURFACES 1 AND 2 TO BE POLISHED. ALL CHHER SURFACES ARE TO BE GROUND TO A FINISH 
EQUIVALENT TO A 120 GRIT OR BETTER AND FELT POLISHED . 

3.3 SURFACE QUALITY - SO/sO IN ACCORDANCE WITH MIL-0 - I38SOA . 

34 SURFACE 2 SHALL CONFORM TO NOTE 3.0 AFTER COAHNG. SURFACE Z SHALL HAVE A 
REFLECTANCE CO/scnNG APPUED.THE MINIMUM AVERAGE REFLECTANCE OF THE SURFACE 2 
COATING SHALL BE 60/» AT THE SPECTRAL WAVELENGTH OF 0.6326 MICRONS WHEN 
MEASURED NORMAL TO THE SURFACE. 


•INTERFEROMETER TESTOLASS — i ^PYRAMID MIRROR 

FACET 



SURf^CE Z. 


COMFIGURATTOM '*^1 
( FIZEAU - TEST GLASS } 


3JS 

36 


SURFACES 1 AND 2 CLEANING SHALL BE IN ACCORCjANCE WITH PROCEDURE ^ . 


4.0 

^,0 

6.0 


SURFACE 2 SHALL BE A SPHERICAL FIGURE OF REVOLUTION WITH NOMINAL SPHERICAL 
VERTEX RADUS OF 306,04 ±*. 

A LINE THROUGH THE INTERFEROMETER FOCUS AND THE MECHANICAL CENTER OF SURFACE 2 

MUST PASS THROUGH THE PYRAMID MIRROR FACET SURFACE wnHIM OF THE MECHANICAL CENTER - 

IN CONFIGURATION THE FOUR PYRAMID MIRROR FACETS (SEE D23I-122) ARE COMBINED INTO 
ONE PYRAMID MIRROR. 

THE POINT PROJECTED BY THE MICROSCOPE SHALL BE LESS THAN 2 MICRONS IN DIAMETER . 


POINT 

PROOeCTlMG 

MICROSCOPE 



o S 

■0 ^ 

O 2! 

S 

SB 
5P r 

O ^ 

'4S>J 

dzy 

■1=4 

^ © 
Si 




AT FOUR POINTS ON 
TEMPLATE CORRESPONDING 
TO CENTER OF CURVATURES 
OF PYRAMID FACETS. 
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NOTES t 

1. MATEP1AL« 

U THf MATERIAU USED SHAM. 86 OORnjnG*^ FUSED 
SIMCA . NO 7940 

i.t.l THE Of OFAU.THE MATEf?iAL USED TO FABRICATE ANY 
MIRROR BLANK SHALL BE 0.30^0 02X10"* 1N/IN/*C 
O/ER A TEMPERATURE RANGE 0F-2QT TO *20* C WITH A 
95 70 CONFIDENCE LEVEL. 

2. GLASS quality* 

2,1 INCLUSIONS SUCH AS BUBBLES AND SEEDS VJlTHiKl ThEQA C£WT\UETEE 
THICK 'CEiTlCALT.ONE’' SHO\WN OVi 7UE DaAVMVKG ^HLLL NOT EK££D 
CENTIMETERS \N WIEAN 0^^UE7ER. 

There shall be no more than an average of o otl per 
CUBIC CENTIMETER* average SIZE OF SUCH INCLUSIONS SHALL 
BE NO GREATER THAN O 030 CENTrtABTBtlS tU MEAN DlAMETSe. 


Z.2. OPAQUE 1NCLUS\0HS VJ\TH\M THE 0.4 CENTIUCTEE THICK 
CIZiTlCAL TONE' GWOWN ON THE D2MN1NQ SHALL NOT 
EKCHED O 051 CEWVMETEES \N UELN DlAMETEE THECE 
SHALL BE MO MORE THAKi AW AVERAGE OF 0.01 PEE 

C COB1C CEWTIUETE^ 


^ ANNEAL 

BIEEFRINGENCE MEASUR.EUENTB BHALL BE MAOE 
PERPENDICULAR. TO THE SOO CENTIUETER. SURFACE. THE 
EELAT1VE RETARDATION RESULTIViG FCOW PEBWANENT §>TeMW 
SHALL BE NO MORE THAW EOW/*. PER CEWTIUETGE OF LIGHT PATH. 
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riOTESs 

1. SURFACE 1 SHALL BE A FKSURE Of= R6VOLUHON AWO SHALL CONFORM 
to THE ASPHERIC EOUAHON 


X- 


1+ 




fND 

I-* 

cn 


WHERE t 

X3 SAG lU CHWTIM&TERS OF THE ASPHERIC SURFACE RELATIVE TO A PLANE 
• LOCATE O AT THE VERTEX AMO NORMAL TO THE OPTICAL AXIS 

C= 1 

El. 7 600 

1.1 THE NOMINAL VEI?TEX RADIUS OF THG ASPHERIC SURFACE SHALL BE 51.7800 ±<XC« CENTIMETERS 

IZ SURFACE 1 SHALL not DEVIATE FROM THE ASPHERIC CURVATURE BV MORE THAN 0015 WAVELENGTH CR^s) 
(ROOT MEAN SQUARE) AFteR REFLECTIVE COATING. (WAVELENGTH REFERENCE IS O.G32B MICRONS) 

AS MEASURED WITH THE TEST SET-UP SHOWN IN D231-I26 THE GRID SPACING OF THE SAMPLE POINTS OH 
THE MIRROR SURFACE SHALL NOT EXCEED 0.15 CENTIMETERS. 

1.5 THE ASPHERIC TABLE OF COEFFICIENTS SHOWN BELOW IS BASED ON THE NOMINAL VALUE OFTHE VERTEX RADIUS, 

K= - E - 0.0 r ^ 0.0 

G= 0.0 H= 0.0 

2. CLEAR APERTURES 

5.1 SURFACE- 1 SHALLHAVE A aCAR APERTORC QOLHOGD CU THE OUTSIDE BY A DIAMETER OF S.2SG 
CENTIMETERS MINIMUM AND ONTHE WSlDE BT A DIAMETER OF LS70 CENTIMETERS MAXIMUM. 

2.2 FOR ALL MIRROR TESTS ^FORG COATING, SURFACE- 1 SHALL HAVE AN UMCOATEO CLEAR 
APERTURE BOUNDED ON THE OUTSIDE BY A DIAMETER OF 5.285 CENTIMETERS MINIMUM 
AND ONTHF INSIDE BY A CIRCLE OF 1.570 CENTIMETERS MAXIMUM, 

3. SURFACES MARKED '"P" POLISHED, ALL OTHERS GROUND TO A FINISH EQUVALEnT TO 1-20 
GRIT OR BETTER AND FELT POLISHED. 

4. reflective COATING: 

4.1 SURFACE -1 SHALL conform TO note 1,2 AFTER COATING. 

4.2 SURFACE -1 SHKLL BE COATED WITH 600 ANGSTROMS OF ALUMINUM WITH 250 ANGSTROMS 
OF MAGNESIUM FLUORIDE AS A PROTECTIVE COATING. 

43 SURFACE- 1 SHALL HAVE A MINIMUM REFLECTANCE OF TOV® AT AWAVELEWGTK OF O.I200 

MICRONS AND A MINIMUM REFLECT ANCG OF 8SZ AT 06328 MICItoNS WHEN MEASURED AT NORMAL IMCIOEWCE, 
4.4 SURFACE CLEANING SHALL BE IN ACCORDANCE WITH ^ . 

5. THE OPTICAL VERTEX SHALL BE WITHIN * CENTIMETERS RADIALLY OFTHE MECHANICAL VERTEX. 

6 SYSTEM AXES»: 

G.l angular orientation of the Y axis shall consider OPTIMIEATION OF THE ASSEMBLED 
SYSTEM WAVEFRONT BY ROTATIONAL MATCHING OF THE PRIMARY AND SECONDARY MIRRORS. 

G.2 THE Y AXIS SHALL BE IDENTIFIED 9Y A 0.013 CENTIMtTER WIDE LINE ON SURFACE 2. 

IDENTIFYING CHARACTER AND LINE SHALL BE DRAWN PER 
COLOR* FLAT BLACK MAT'L REQ'O. 

7. THE AUTOCORRELATION LENGTH OFTHE SYSTEM WAVEFRONT ERROR SHALL BE 0.12S OR 
LONGER WHEN MODELED AS A GAUSSIAN FUNCTION CVER THE SPATIAL FREQUENCIES FROM 
0-2 0 CYCLES PER PUPIL DIAMETER. 

B SURFACE QUALITY 20-5. MIL- 0-13630 A. 

9. THE MAXIMUM SURFACE ROUGHNESS SHAU BE 30 ANGSTROM^ RMS. 


- S.GOftCF 


SURFACE 1 /“ Su^lFACe 2 



CLEAR APERTURE 
SEE NOTE t 


L Clear APERTuee 

see Wore 


BE DETERMIKJED 


UNLBB& OTHERWISE EPECIFIBD 

MNVAM tOiVIUNCI X 02 5 C M 

AMOIMAR TO««A..e« 

CewTlMETeRS 

QM4«N»w.«» Arriv A 
TOTAL TOL«n..TC« •• 00» 

RilStC 

•AD P1KMUCT 0«»I0*4 *TAW€M^O« ***Vf 


iTTMO ANOil moMonoM 




MATERIAL 

kMXE FROM 0251- 124 


2/1 


BAdTIVIAN KODAK CO. 

nocHttOTen, n y 

o»»THfv«tr 

B*™ i0G/ia 
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orra 
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PWMTT UMOOM 


NAME primary UlRROe.* 
planetary camera 

WF/PC 


Dl 


NO, 0231-125 
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NOTESi 

//> TWO ALrEH//AT£ r^Sr COU/^/sWAT/OMS SSTASL/S//£‘I> 

ZO Atf ACC£PTABL£ T£ST MAY COA^TA/YYA MAX OX Hh WAY£ CoMA. 

r//£r coAfA CORPUS po//t>s to a ox txx vxxrxx ox mx xx/mapy 

MfPHOR P£LA7fVX TO TX£ TXST AX/S OX X COAfA /S DXX/XXO /X 

XOLLOW/XS XtGUpXx Q t T" 

JcOAfA 

~7 AP£f^TOP£ 


3.0 /X COXX/GUPAT/OX W 7X£ PP/MApr*M/PP0P SOXXACX XPPOp /S CAAC</£ATSJ> 

TH£ £QUA7/OX‘ 

£(X, OPD CY, Y) -f BO (X,Y) WX£PX £{X, Yj /S £QOAZ TO TX£ PX/AfAPY M/PPOp 

SUPXAC£ £PHOp AT PO/XT X, Y OX TX£ SOpXACX OXX/XXO AS TXX SAG OX TXS 
ACTUAL SURXAC£ At /XUS TX£ SAG OX TX£ DSS/X£Z> Si/PXACX, X£XCX, A ''X/Zl** OX 
73/X ACTOAi- SUPPACX /S A PQSiT/VX SUPXACX £PROP. 0PB(XyY)^TX£ AfXASURXJO 
WAVSXPOXT OPT/CAL PATX ££XG7X I>/XX£P£XCX COXPXSPOXP/XG TO PO/XT XiY OX 

7W£ PP/MAPY MiPPQP SOPXAC£ > TAX OPJ> ^SiGX COXVXXT/OX fS 7XAT A POS/T/VS 

OPD VALUE COPPESPOXZ3S TO A LSAO/XG XAVEXPOXT SUCX AS XOUIO BS PRODUCEB 
BY A ^X/LL'* OX TXX PP/AfAPY M/P POP Sup PACT* BO (XiY) /S /SO UAL TO TXX BACXOOr 
XOUAT/OX XOP TSST PXS/BUALS. TXE YALUE OX TXE SACpOUT 4SOUAT/OX AT po/^ 
XT /S TO BE ABP£P TO TXE VALOE OF SUPXACE OPZ> AT PO/XT X,Y AS STATEB /X 7X£ 
PPECEB/XG EOUAT/OX, TXE SACPOUT XOU AT/OX FOR 7XX PX/AfARY -^^XP^^P^UpFA^ 
COXroUP /S A PAB/ALLY SYMMETP/c XUXCT/OX EXPPESSEB /X UX/TS OX CEXT/METSPS; 

BOCXT)-^ 

40 IN CONX/GUPAT/OX TXE PP/MAPY M/PPOP SUPXACE ERPOP /S CALCULATED BY 

^ao(X,Y) Wft£H£ £(AY), 0PJ)(X,Y) £0(X,Y) ^£.£ 

DBF/XED /X XOTE 3.0* PCX, Y)*rXE PErPOPEXLECTOP iXAVEXpOXT EPPOp AS 
BETEPM/XEB XPOM J>/P£C7 CAL/BRAT/OX Y//TX AX /XTEPXEPOACETEP. B0(X,YJ^Kf‘. 
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MOTES i 

1. material; 


I THE MATERIAL USED SHALL BE 
CORN IMG" F^LISEO SILICA, NO 1940. 


c 


UUTHE <X OF ALL THE MATERIAL USED TO FABRICATE ANY 
MIRROR BLAN< SHALL BE QSO ± 0.02 x /*C 

D/ER ATEMPERATURE RAWGE 0 F- 20 *T 0 20 'c WITH A 
95 */> CONFIDENCE LEVEL. 

2. GLASS QUALITY^ 

Z.I INCLUSIONS SUCH AS BUBBLES AMD SEEDS WITHIN 

THE 04 centimeter THICK '^CRITICAL ZONE'sHoWM ON THE 
DRAWING shall WOT EXCEED O OSl CENTtlMETERS IN MEAW DIAMETER. 
THERE SHALL BE MO WORE THAN AN AVERAGE OF O.Oe PER 
CUBIC CeWTlMEVER. AVERAGE S1-HE OF SUCH INCLUSIONS SHALL 
BC NO CZEATE1^ TRAM O 030 CENTIMETERS W MEAN DIAMETER 

Z .2 OPAQUE INCLUSIONS WITHIN THE 0.4 CENTIMETER THICK 

CRITICAL ZONE SHOWN CN THE DRAWING , SHALL MOT EXCEED 
0,051 CENTMeTERS IN MEAN DIAMETER . THERE SHALL BE NO MORE 
THAN AW AVERAGE OF oa PER CUBIC CENTIMETER. 

3 . ANNEAL 

31 SIREFRIMGEWCE MEASUREMENTS SHALL BE MADE PERPENDICULAR 
TO THE 1 71 CENTIMETER SURFACE . THE RSLATWe RffTARCaaonOW 
RESULTING FROM PERMANENT STRAIN SHALL BE MO MORE THAW 
20 M/J. PER CENTTMET^ OF LIGHT RATH . 
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NOTES 

I. SU??FAiCe 1 SHALL 66 A FIGURE OF REVOLUTION AND SHALL CONFORM 
TO THE ASPHERIC EQUATION 

WHERE t 

X* SAG IN CENTIN-.ETERS OF THE ASPHERIC SURFACE RELATIVE TO A PLANE 
LOCATED AT THE VERTEX AND NORMAL TO THE OPTICAL AXIS 
* ^ 


U THE NOMINAL VERTEX RADIUS OF THE ASPHERIC SURFACE SHALL BE 23 4330 ±0^2 CENTIMETERS.^ 

1.2 SURFACE i SHALL NOT DEVIATE FROM THE ASPHERIC CURVATURE BY MORE THAN aoiS WAVEUNGTH (RMS) 

(ROOT MEAN SqUAHE) AFTER REFLECTIVE COATlNS. (WAVELENGTH REFERENCE IS 0,6328 MICRONS) 

AS MEASURED WITH THE TEST SET-UP SHOWN IW D23 1 -129. THE GRID SPACING OF THE SAMPLE POINTS ON 
T«E MIRROR SURFACE SHALL HOT EXCEED 0,05 CENTIMETERS. 

1.3 THE ASPHERIC TABLE OP COEFFICIENTS SHOWN BELOW IS BASED ON THE HOMIMAL VALUE OF THE VERTEX RADIUS. 

K»00 E-00 F“0,0 

6 = 0.0 H-o.O 

Z. CLEAR APERTURE t 

2.1 SURFACE-1 SHALLHAVE A CLEAR APERTURE OF 1.397 ± ^ CENTIMETERS DIAMETER, 

2.2 FOR Aa MIRROR TESTS BEFORE COATING, SURFACE i SHALL HAVE AN OMCOATED CLEAR 
aperture OF l.337di ^ CENTIMETERS DIAMETER. 

3. SURFACES MARKED POLISHED, ALL OTHERS GROUND TO A FINISH EQUIVALENT TO 120 
GRIT OR BETTER AND FELT 'POLISHED, 

4. REFLECTIVE COATING ^ 

4.1 SURFACE -1 SHALL CONFORM TO NOTE 1.2 AFTER COATINO- 

4.2 surface -i SHALL BE COATED WITH 800 ANGSTROMS OF ALUMINUM WITH 2S0 ANGSTROMS 
Or magnesium FLUORIDE AS A PROTECTIVE COATING. , 

4.^ SURFACE -1 SHALL HAVE A MINIMUM REFLECTANCE OF loV* AT AWAVELENGTH OF 0.1200 

MICRONS AND A MINIMUM REFLECTANCE OF 6^% AT063ZS MICRONS. WHEW MEASURED AT KK)RMAL INCIDENCE, 
A A SURFACE CLEANING SHALL BE IN ACCORDANCE WITH PROCEDURE ^ 

5. THE optical VERTEX SHALL BG WITHIN * CENTIMETERS RAtJiALLY OF THE WECHAMICAL VERTEX, 
la SYSTEM AXES '• 

S.l ANGULAR ORIENTATION OF THE Y AXIS SHALL CONSIDER OPTIMISATION OF THE ASSEMBLED — 

SYSTEM WAVEFRONT BY RCTATIONAL MATCHING OF THE PRIMARY AND SECONDARY MIRRORS. 

G.2 THE Y AXIS SHALL BE IDENTIFIED BY A 0 013 CENTIMETER WIDE UNE ON SURFACE 2. 

IDENTIFYING CHARACTER AND LINE SHALL BE DRAWN PER •*, ' 

COLOR « FLAT BLACK MATt REO'O. 

7. THE AUTCCORRELATIOU LENGTH OF THE SYSTEM WAVEFRONT ERROR SHALL BE O.I2S DR 
LONGER WHEN MODEliD AS A GAUSSIAN FUNCTION CVER THE SPATIAL FREQUENCIES FROM 
0-20 CYCLES PER PUPIL DIAMETER. 

8. SURFACE QukiTY 20 -S,* MIL-0-13830A, 

9. THE MAXIMUM SURFACE ROUGHNESS SHALL BE SO ANGSTROMS RMS. 
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W0T6S* 

I^TWO ALTERNATE TEST CCNRGURATICNS HAVE BEEN ESTA^SHED. 

ZO AW acceptable test IMT&RFEROGRAM MAY COKTrAlW A MAY. OF ^ V/AVE COMA. 

THIS COMA CORRE6POUDS TO A Dec£WTERlkl& OF THE YERTEK OF THE SECOMCARY 
RELATIVE TO THE TEST A>HS OF «■ C«^. COMA IS OERMEO IKI THE POLLOWIkJG FIGURE S 


-COMA 


APERTURE 


- IMTERFEBOMETeR FOCUS ^ I 


WmOLE SPHERE 


3.0 IW^CONHSURATIOW .THE SECONDARY MIRROR SURFACE ERROR B CALCULATED BY THE EQUATION J 
E fX»Y) ’a \ Z4- O P D (X,Y) - 1 /Z Kf ( X,Y) -F BO (Y»Y> Y/HERE E (XjY) IS EQUAL TO 
‘ THE SECONDARY MIRROR SURFACE ERROR AT POINT X.V ON THE SUR^CE OEFWED AS 
THE SA& OF THE ACTUAL SURFACE MINUS THE SA& OF THE DESIRED SURFACE. CHEWCE. 

A *'H1LU' ON THE actual SURFACE IS A POSITIVE SURFACE ERRQR'>. OPO(xy)= THE 
MEASUREO WAVEFRONT OPTICAL PATH LENGTH DIFFERENCE CORRCSPOWOiMG TO ^ POINT 
X^Y ON THE SECONDARY MIRROR SURFACE. THE OPD SIGN COWEMTION IS THAT A 
POSITIVE OPD VALUE CORRESPONDS TO A LEADING V/AVEFRONT SUCH AS WOUUO BE PROOUCGD 
by a ’HllL* ON THE SECONCARV MIRROR SURFACE. DO 6^,V) IS EQUAL TO THE SACRjOUT 
EQUATION FOR TE%T RE«>IOUAlLS. THE VALUE OF THE BACKOUT EQUATION AT POINT X,Y 
IS TO BE ADDED TO THE VALUE OF SURFACE OPO AT POINT Y»Y AS STATED IN THE 
PRGCEDtMG EQUATION. THE BAOCOUT EQUATION FOR THE SECONDARY MIRROR EUCrACG* 

CONTOUR IS A RAWALLV SYMMETRIC FUNCTION EXPRESSED IN UNITS OF CENTIMETERS. SO (X»Y)s JKr. 

. N - TH? HINDLE SPHERE SURFACE ERROR AS OETERMINeii FROM DIRECT INTERFEROMETER CAUBRATON . 

' 4j0 surface e SHALL BE. SPHERICAL WITHIM 0 02 UAVELENSTH RMS OVER THE CLEAR APERTURE 
WHEN , REFERENCED TD 0.6B26 MtCRDN LIGHT. 

4.1. SURFACE t TO 5E POLISHED. ALL OTHER HINDLE SPHERE SURFACES ARE TO BE GROUND 
TO A FINISH EQUIVALENT TU A IW 6RF OR BETTER AND FELT POUSHEa 
Ar^ surface quality - 50/50, IN ACCORDANCE WITH M(L-0**lS8SO A, 

! rO 4.3 SURFACE Z SHALL CONFORM TO NOte AO AFTER COATING. SURFACE 2 SHAU. HAVE A HIGH = 

* REFLECTANCE COATING APPLIED. THE MINIMUM AVERAGE REFLECTANCE OF THE SURFACE 

LO 2 COATING SHALL BE 95*Ji OR GREATER AT THE SPECTRAL WAVELENGTH OF aCS28 MICRONS 

WHEN MEASURED NORMAL TO THE SURFACE. 

<4 SURFACE CLEANING SHALL BE IM ACCORDANCE WITH PROCEDURE ^ 

AS SURFACE 2 SHALL BE A SPHEF^CAL FIGURE OF REVOLUTION WITH A NOMINAL VERTEX RADIUS 
OF ZE.S27a ilR'CENTlMETERS. 

4 6 THE clear APERTURE OF SURFACE 2. SHALL BE 3 93ECm MIN QQ AND 0.64ECm HlAX LD , 

SO A LIME THF60USH IMTERFEROM^ER FOCI POINTS I X 2. MUST PASS THROUGH THE 
' SECONDARY MIRROR SURFACE WrTHIN -Xt OF THE MECHANICAL CENTER . 

60 IN CONFIGURATION *^2,.THE SECONDARY MIRROR SURFACE ERROR IS CALCULATED BY 
THE ETQUATIOMJ / .-| / x 

. . . E (X,Y) - /a OPO (X.Y) - (XY) 4 OPE>rJX.Yn + BO (X,y) 

WHERE E (X,y) , OPD(XY) , BoTx,Y) ARE*DERNED IN NOTE 

. s Lx,y) - THE MEIASURCD SURFACE CRftOR CORRECPONDINC TO POINT K.Y ON TllC TEST GLAOS . 

OPDt (X.y) • THE MEASURED TRANSMITTED WAVEFROKTT OPTICAL FATHUENGTH DIFFERENCE 
CORRESPONDING TO POINT X.Y ON THE TEST GLASS, 

T.O SURFACE 3 < 4 SHALL BE SPHERICAL WITHIN 0.02 WAVELENGTH RMS CVER THE CLEAR APERTURE 
WHEN REFERENCED TD 0,6320 MICRON LIGHT. 

"7,1 THE CLEAR APERTURE OF SUTO^CEQ 3 iA SHAU- BE -flfe . 

,T.Z SURFACES 3 44 TO BE POUSHED , ALL OTHER SURFACES ARE TO BE GROUND TO A FINISH EQUIVALENT 
TO A 120 GRIT OR. BETTER. AND FELT F^ISHEO. 

"7.3 surface: QUAUTY - so/ 30 IN ACCORDANCE WITH MIL-O- 13630 A. 

74 SURFACE 3 SHALL CONFORM TO WOTT . T O AFTER OOATMQ . SURFACE 3 SHALL HAVE A 

REFLECTANCE COATING APPUEt>.■R^E MINIMUM AVERAGE REFLECTANCE OF THE SURFACE 3 
COATING SHALL BE 60/. AT THE SPECTRAL WAVELENGTH OF 0.6326 MICRONS 
WHEN MEASURED NORMAL TD THE SURFACT. 

7.5 SURFACES 3 < 4 CLEANING SHALL BE IN ACCORDANCE WITH PROCEDURE 

7.6 SURFACES 3 4 4 SHALL BE SPHERICAL RGURES OF REVOLUTION WITH NOMINAL SPHERICAL 

VERTEX RADII OF Z3 4330 2 . 

a.O A UWE THROUGH iNTERFEROMETEie FDO POINT *^3 AND THET .MCCWANICAL CENTER OF SURFACE 3 

must F%SS through THE SECONDARY MIRROR SURFACE WITHIN -m OF THE MECHANICAL CENTER. 
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